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Abstract.  

The Department of Energy’s Integrated Surveillance and Monitoring Program implements 
requirements to measure gas pressure and gas composition during destructive examination of 
3013 containers as required by DOE’s 3013 Standard. Gas pressures and gas compositions 
measured by the Program during destructive examination of 3013 containers from 2007 to 2017 
are reported here. The maximum gas pressure within the population of containers that have 
undergone destructive examination was 299 kPa (43.4 psia) and this container had 0.52 wt% 
moisture which is higher than the Standard allows. The majority of containers have essentially 
no gas pressurization. Hydrogen was quantifiable above the measurement uncertainty in less than 
half (47 out of 114) of the containers that have undergone destructive examination. The amount 
of hydrogen that is generated within the sealed 3013 containers is always less than the amount 
predicted by the 3013 Standard’s pressure equation with the maximum observed hydrogen 
fraction (observed moles of hydrogen/predicted moles of hydrogen) of 0.18. It is recommended 
that for the purposes of calculating a maximum hydrogen pressure using the 3013 equation, a 
correction to the amount of hydrogen produced from decomposition of the water be incorporated. 
The pressure (or moles) of H2 should be reduced by multiplying by a hydrogen fraction as 
described in the text. Helium and nitrogen are the other major constituents. Oxygen which is 
initially present in nearly all of the containers undergoing destructive examination was consumed 
to low values in all cases. The highest observed oxygen concentration was 1.7%, and in this case 
the H2 concentration was essentially zero. Other minor gases observed in some cases included 
CO2 with maximum content of 3.5%, CO with maximum content of 0.8%, N2O with maximum 
content of 1.4%, and CH4 with maximum content of 0.4%. 
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Introduction 

The DOE’s 3013 Standard contains a methodology to calculate the maximum pressure within a 
3013 container during storage.1 This methodology is commonly referred to as the 3013 pressure 
equation. The 3013 pressure equation assumes all of the water within the sealed container 
undergoes decomposition to form hydrogen gas (H2) with the oxygen component of the water 
forming a non-volatile chemical species. This assumption was thought to be conservative at the 
time the 3013 Standard was written. For instance, the inner container design required an 
indication, detectable by non-destructive means, of a buildup of internal pressure of 790 kPa 
(100 psig) or greater. In Appendix A of the 3013 Standard, which details the technical bases for 
the Standard’s requirements, it is stated that “an internal pressure indication of 790 kPa (100 
psig) is adequately indicative of unexpected pressurization, yet far below the design pressure for 
the outer container” (italics added by the authors). 

There are a variety of reaction mechanisms that would lead to less than all of the available water 
decomposing to form H2. Reaction of water to form surface hydroxyls reduces the amount of 
water available to form H2.2 Recombination reactions (H2 + ½ O2  H2O) either in the gas phase 
initiated by radiation or on the plutonium dioxide surface, which is thought to be catalyzed, 
would result in a steady state between formation and recombination.3 Consumption reactions 
where H2 reacts with components of the material to form non-volatile chemical species would 
reduce the H2 pressure. Hydrated alkaline earth chlorides when mixed with PuO2 have been 
shown to from HCl reducing the amount of hydrogen available to form H2.

4 Ammonium chloride 
coating, which has also been observed in some DE containers, also reduces the hydrogen 
available to form H2 as well as the N2 present in the container.5 The ability to use rate constants 
associated with these reaction mechanisms to model the chemistry within sealed 3013 containers 
is rudimentary at best and the complexity of the packaged materials limits the usefulness of this 
approach at this time. In other words, although we know that not all of the available water will 
form H2, we do not know how to mechanistically estimate a reasonable value for the fraction of 
water that will form H2 within a sealed 3013 container using known reactions. 

One approach to estimate the maximum fraction of water that will form H2 is to use empirical 
observations of H2 gas composition in sealed containers versus time. This approach was used to 
determine that the maximum fraction of water that decomposed to form H2 was 0.25 for 
Materials Identification and Surveillance (MIS) represented materials containing salts and loaded 
with nominally 0.5 wt% water in small-scale reactor studies.6 The small-scale reactor geometry 
is conservative with respect to 3013 containers for maximum H2 pressures due to the reduced 
dose to the headspace gas.7 In the small-scale studies, the rate of H2 pressure increase had slowed 
sufficiently for all materials that the H2 pressure at 5 years had reached more than 95% of its 
projected maximum. For eight of the 11 materials studied, the H2 pressure at 5 years was more 
than 99% of the projected maximum. In one case, the H2 pressure decreased after reaching a 
maximum pressure, but the time for the H2 partial pressure in this case to reach a non-detectable 
quantity would be decades.8 
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In this report, we use gas composition and pressure measurements taken during destructive 
examination (DE) of 3013 containers to estimate the maximum value of the fraction of water 
converted to H2 in the entire population of 3013 containers, which we refer to as the H2 fraction. 
All 3013 containers undergoing DE have been packaged for more than 5 years and should have 
reached their maximum H2 pressure. There is no evidence for the hydrogen pressure to increase 
once it has stabilized or started to decrease in containers in a stable environment. First, we gather 
gas composition and gas pressure measured at DE, and relevant material properties from certified 
sources. Second, we vet the data to identify entries that need to be updated from primary source 
documents and develop a table of corrected data which documents the results. Third, we 
calculate the gas composition and pressure at packaging. Fourth, we calculate the H2 fraction, the 
ratio of the moles of H2 gas that was measured at DE to the moles of water that was present at 
packaging. Finally, we derive a description of the bounding H2 fraction observed in the DE 
collection of containers. We argue that this bounding description is conservative because (1) the 
random selection of containers is meant to represent the whole population of containers, (2) the 
random selection was prioritized according to moisture with the highest moisture containers 
having been opened (mechanistically, higher moisture results in higher H2 pressures and higher 
hydrogen fractions), and (3) the random sample is augmented with engineering judgement 
samples that were chosen mainly for their high moisture content. 

All containers that have undergone DE were packaged when there was no RH requirement for 
salts. The containers packaged at RFETS, SRS and LLNL were packaged in dry atmospheres 
that meet the current 3013 Standard RH requirements for salts with RH less than 15%. In 
contrast, the containers packaged at Hanford were packaged in atmospheres where the RH varied 
as the outside RH varied and most if not all would not have met the current 3013 RH 
requirements for packaging salts. In the future, all salt bearing materials will be packaged in dry 
atmospheres. 

Gas composition and pressure measured during 3013 destructive 
examination 

The Department of Energy’s Integrated Surveillance and Monitoring Program (ISMP) 
implements requirements to measure gas pressure and gas composition during DE of 3013 
containers as required by DOE’s 3013 Standard.9 There were one hundred and fourteen DEs 
conducted by Savannah River site personnel between 2007 and 2017. For each DE, the gas 
pressure and gas composition was determined. A brief description of the process is described 
with references to primary documents. 

Two gas samples are collected and analyzed from each 3013 container undergoing DE. The gas 
samples are collected in K-Area and shipped to Savannah River National Laboratory for 
analysis. One gas sample is collected for the volume between the outer container and the inner 
container, referred to as the OI sample, and one gas sample is collected for the volume within the 
inner container, referred to as the IC sample. The IC sample is representative of the gas within 
the convenience container as well, because the convenience container is punctured at the same 
time. In addition, the convenience container is not sealed and the gas is expected to be the same 
as in the IC. Specially designed equipment at K-area known as the can puncture device (CPD) is 
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used to puncture the outer and inner containers and obtain the gas samples.10 The process for 
collecting samples is essentially the same for both samples. The process includes evacuating and 
backfilling with nitrogen three times to purge air from the CPD, evacuation of the CPD to less 
than 1 psia, a pre-puncture leak check, puncturing of the container (outer or inner/convenience), 
purging the lines leading to the sample cylinder to ensure gas from the volume of interest is 
collected, and sampling of the gas. Data is collected on appropriate forms and reviewed and 
certified by the Surveillance Program Authority (SPA). The whole process is controlled by Use 
Every Time written procedures which are detailed in the yearly processing plan for K-area.11 An 
example, the processing plan for FY08, is given in Reference 8. 

Pressure data are recorded during the entire process and are input to the final evaluation. Each 
gas sample is analyzed by calibrated micro gas chromatography at Savannah River National 
Laboratory and the results reported as volume fraction of the gas sample. Material particle 
density is measured on a sample of the oxide. A software package known as the Gas Evaluation 
Software Tool (GEST) was developed that is integrated with the operation of the CPD.12 The 
GEST assumes ideal gas law behavior so that the initial pressure and composition within a 
container can be calculated from system pressures before and after puncture, known volumes, 
temperatures, and gas in-leakage rates and times. The GEST was benchmarked using statistically 
designed tests with various combinations of container pressures and compositions, CPD 
pressures, and container volumes.13 The GEST software is version controlled.14 A more detailed 
description of the process and uncertainties is available.15 

The GEST calculates the pre-puncture 3013 gas fractions and pressure within the two volumes. 
For the inner container sample, GEST input includes the 3013 container configuration which 
determines the free volume within the inner container with the convenience container in place, 
the material net weight and particle density, the pressures measured before and after the 
container is punctured, the CPD leak rates and times, and the estimated average gas temperature 
for the CPD/3013 configuration. The GEST calculates a correction to the analyzed gas 
compositions to account for nitrogen remaining in the partially evacuated CPD prior to puncture 
and air in-leakage during the leak-testing, puncture, and gas sampling evolutions. The gases for 
which gas fractions are reported are He, H2, N2, O2, CO2, CO, N2O, and CH4. 

The DE GEST results are entered into a Microsoft ACCESS database maintained by Savannah 
River National Laboratory. The ACCESS database contains all relevant information about stored 
materials and 3013 containers as required by the 3013 Standard and ISMP, and is the certified 
source for results of DE activities.1 The database is classified, however, there is a controlled, 
unclassified subset of information primarily consisting of DE results from the ACCESS database 
called the Field Surveillance Module (FSM). The gas compositions and pressures reported here 
were mostly obtained from a query of the FSM. The FSM query is described in Appendix 1.  

The data returned by the query were vetted using three approaches. First, the sum of all gas 
composition percentages was calculated and compared to 100%. In all cases, the sum was within 
rounding errors of 100%. Second, all of the returned values were inspected to ensure there was a 
valid entry. The format of the GEST reports changed over time resulting in some inconsistency 
in the values entered into the database. From 2007 to 2010, the gases below 0.1% were either not 
reported or reported as 0.000 in the database. In these cases, the values in the appropriate GEST 
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report are used. The data for FY15DE08 to FY17DE06 are not entered into the database as of the 
date of this report and the GEST reports for these DEs were used as the primary data source. In 
some cases, the number of significant figures varied. Percentages are reported here to 0.1%. In 
many cases, the uncertainty was not reported, especially for gas percentages less than 1%. For 
these cases, the uncertainty was taken from the GEST summary page of the appropriate GEST 
report. 

For H002728 FY10DE10, an error in sampling occurred that introduced air into the sample. Two 
models were used in the GEST report to bound the gas percentages. The partial mixing model is 
reported here. In this model, the amount of oxygen is reported as -0.06%. The uncertainty for 
each gas used here was calculated as the difference between the models plus the uncertainties for 
each model. 

For L000075 FY12DE05, helium was 2.9% and argon was 15.5%. In Appendix 2, the helium 
and argon content are combined and reported as helium. 

The vetted gas pressures and gas component percentages are reported in Appendix 2. There are 
three terms used in the GEST reports and recorded in the database when the value is less than the 
official reporting range that describe a range of gas pressure rather than a value. The three terms 
are <0.10%, Trace, and ND. They are defined in Appendix 1 Table 2. In Appendix 2, if a gas 
percentage is not reported, then one of these terms is reported in the column for the gas 
percentage. There is no uncertainty associated with these terms. 

In order to make comparisons between moles of gas produced by the various terms of the 3013 
pressure equation and the gas pressure and percentages reported in Appendix 2, the free gas 
volume and average gas temperature need to be specified. The ideal gas equation can be used to 
calculate pressures from moles and moles from pressures when the volume and temperature are 
known. The free gas volume is calculated by GEST but is not recorded in the database. The free 
gas volume is calculated from the volume within the inner container, the material mass, and the 
measured material particle density. The volume within the inner container depends upon the 
container configuration. Various container configurations with their free volume are documented 
in the GEST calculation page. The free inner container volumes for the configurations used by 
the various packaging sites to date are given in Table 1. The free gas volume for each DE is 
calculated from the free inner can volume, the material mass, and the material density, Equation 
1: 

௚ܸ ൌ ௖ܸ െ
݉
ߩ

 

Equation 1 
where Vg is the free gas volume, Vc is the free inner can volume for the packaging site, m is the 
mass of the material within the container, and ρ is the particle density of the material. 

Table 1. The free inner container volume within the container configurations used by the 
packaging sites.1 

 
Volume 
between 

Error in 
Volume 
Between 

Free Inner Can 
Volume 

Error In Free Inner 
Can volume 
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Inner & 
Outer Cans 

Inner and 
Outer Cans 

 L L L L 
RFETS 0.2710 0.0260 1.9780 0.0310 
Bagless SRS 0.2930 0.0120 1.9940 0.0150 
Bagless Hanford 0.2930 0.0120 1.9090 0.0220 
LLNL 0.2710 0.0260 1.9780 0.0310 
LANL 0.2350 0.0270 2.2490 0.0230 

 

The average gas temperatures used by GEST are reported in the GEST reports but are not 
included in the database. It was found that the average gas temperature in the GEST reports was 
155 ⁰F for all DEs up to FY13 at which point the GEST calculation for determining the average 
gas temperature changed. The average gas temperature for DEs starting in FY13 to FY17DE06 
were calculated based on the 3013 container heat generation and documented in the GEST 
reports. 

An estimate of the water in the container at packaging is needed to calculate the H2 fraction. We 
use the database entry “best moisture” for this calculation. The fraction of water is required to be 
measured at packaging with acceptance criterion of less than 0.5 wt% for the package to be 
compliant with the 3013 Standard. A number of measurement techniques were used – loss-on-
ignition (LOI) to 1000 ⁰C, thermogravimetric analysis (TGA) to 1000 ⁰C, TGA with mass 
spectrometry detection of water (TGA-MS) to 1000 ⁰C, and TGA with infrared spectroscopy 
detection of water (TGA-IR) to 1000 ⁰C. LOI and TGA are conservative for material without 
uranium – the mass loss to 1000 ⁰C contains species other than water, for instance salt content 
begins to evaporate resulting in mass loss at 800 ⁰C. Packaging sites typically reported the most 
conservative value that meets the criterion. This value is entered into the database as the moisture 
value. This value is useful for ensuring 3013 Standard requirements are met, however, due to its 
conservative nature, it is not the most accurate information available as to the amount of 
moisture within packages. An effort was made to evaluate all moisture measurement data which 
resulted in a “best moisture” value being reported in the database.16 The biggest impact was for 
packages with TGA measurements only where TGA to 650 ⁰C was used as the “best moisture”. 
For packages where LOI was used to determine the moisture, the LOI value is recorded as the 
“best moisture” because only the initial and final masses are available. In this document, the 
database entry for “best moisture” is used and whenever moisture is referred to it is the “best 
moisture”. 

Information regarding the material from the database and GEST reports including material mass, 
material particle density, material wattage, average gas temperature within the inner container, 
and best moisture are reported in Appendix 3 along with calculated values for each container’s 
material volume and free gas volume. The various sites used different methods to measure 
moisture. Each container may have more than one moisture value reported. The best moisture is 
the value considered to be most accurate available. 

The data in Appendix 2 and Appendix 3 are used to calculate the number of moles of the 
component gases, He, H2, N2, O2, CO2, CO, N2O, and CH4, within the inner container at the time 
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of DE using the ideal gas equation. These calculated values are reported in Appendix 4. When 
the reported percentages from Appendix 2 are either <0.10%, Trace or ND, an entry of --- is 
found for the corresponding value in Appendix 4. A crosscheck of the calculated total number of 
moles to the total number of moles reported in the GEST reports was conducted for 23 DEs. It 
was found that the calculated number of moles and the number of moles reported in the GEST 
reports were the same within the reported number of significant figures used in the calculation. 

Gas composition at time of packaging 

The gas composition and pressure at the time of packaging were not measured. However, these 
quantities are needed to quantify changes in the headspace gas within a package during storage. 
We attempt to estimate the gas composition and pressure at the time of packaging from the 
information available at DE. We make the following assumptions in our estimation process: (1) 
the trace gases, CO2, CO, CH4, N2O, were not present initially, (2) the H2 was not present 
initially, (3) the amount of N2 initially is equal to the amount of N2 plus the amount of N2O at 
DE, i.e. N2 was not consumed, (4) the initial O2 was mostly consumed and the initial amount of 
O2 can be estimated from the amount of N2 initially using the O2/N2 ratio of air (except for the 
two LLNL containers and seven Hanford containers H001916, H001941, H001992, H002195, 
H002200, H002636, and H002750 in which the packaging glovebox atmosphere was N2 and air 
was excluded), and (5) the He measured at DE is greater than the initial amount because some of 
the He generated during storage escapes the plutonium dioxide lattice and enters the gas phase. 
He gas was added to all of the 3013 containers at packaging to facilitate the He leak-check 
process and was the principal component in all of the containers except for the LLNL containers 
where He was a minor constituent. The assumption concerning N2 ignores the formation of non-
volatile NOx species that accumulate on the surface of the material during storage. These species 
are detected during TGA-MS of the material after storage, but are generally a very small 
component of the gases detected. The loss of N2 to form NH4Cl, which has been observed as a 
film on the inner surface of the inner container, is also not accounted for.5 If a more precise 
estimate of the initial N2 is desired, quantifying the NOx species evolved during TGA-MS of DE 
samples is one approach that could be used. The possibility that the N2 at DE is less than the N2 
initially affects the O2 component proportionally. Together this effect should result in a lower 
estimate of the initial pressure than was actually present, but by how much is difficult to 
ascertain.  

Helium is produced by alpha decay within the stored material. The amount of He from alpha 
decay that is released into the gas phase has been of interest to the fuel and heat source 
communities. Mulford has looked at Pu-238 heat source material aged over a range of 20 to 35 
years and determined that the fraction of He from alpha decay that has escaped the solid over this 
range is approximately 0.26.17 The He generated over the storage time is calculated from the 
time of storage and the wattage using the conversion factor 6.232 x 10-5 mol W-1 yr-1 from 
Equation 23 of the 3013 Standard.1 This amount is reduced by the fraction entering the gas phase 
which is taken to be 0.25. 

The calculated gas composition and pressure within the inner container at the time of packaging 
is reported in Appendix 5. The amount of He generated is reported along with the ratio of the 
moles of He generated to the moles of He observed at DE. Generally, this ratio is less than 0.1 
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and any errors in estimating the amount released to the gas phase will have only a minor effect. 
In the case of the LLNL containers, the He from alpha decay appears to represent a large fraction 
of the He in the containers at the time of DE. For FY12DE05 L000075 the ratio is 3.6 and for 
FY11DE12 L000178 the ratio is 1.233.  

The pressure at packaging should be close to but slightly less than the local atmospheric pressure 
due to heating and leakage of the internal gas by the welding process at packaging. The elevation 
and average local atmospheric pressure for the elevation for each of the packaging sites is given 
in Table 2. There will be normal variations in the local atmospheric pressure of 5%. 

 

 

Table 2. The elevation and average local atmospheric pressure of the packaging sites. 
Site Elevation 

(m) 
Atmospheric pressure 

(kPa) 
Hanford 122 99.9 
Los Alamos 2225 77.3 
Lawrence Livermore 195 99.0 
Rocky Flats 1828 81.2 
Savannah River 92 100.2 

 

The estimated packaging pressures (from Appendix 5) for DE containers packaged at Livermore 
and Savannah River are shown in Table 3. The packaging pressures are all below the local 
atmospheric pressure for these two sites and have a range of 2.7 kPa except for the Savannah 
River container S001721 which is 4.7 kPa lower than the nearest other Savannah River 
container. All of the packaging pressures for Livermore and Savannah River are below the local 
atmospheric pressure. 

Table 3. The packaging pressures for Livermore and Savannah River. 
DE 3013 ID Pressure 

(kPa) 
FY11DE12 L000178 94.5 
FY12DE05 L000075 91.9 
   
FY10DE18 S001721 87.1 
FY11DE02 S002129 93.0 
FY11DE05 S001105 93.2 
FY12DE10 S002250 93.2 
FY14DE06 S002277 93.6 
FY14DE07 S002116 91.8 
FY15DE02 S002162 91.9 

 

The number of containers packaged at Hanford and Rocky Flats that have undergone DE are 
substantially more than the number of containers packaged at Livermore and Savannah River 
that have undergone DE. In order to examine them, histograms of the Hanford containers and the 
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Rocky Flat containers are constructed. The two histograms show the number of containers as a 
function of estimated pressure at packaging, Figure 1. The range of packaging pressures is nearly 
42 kPa for Hanford and 26 kPa for Rock Flats, which is considerably larger than the range of 7.4 
kPa for Livermore and Savannah River. The distributions for the Hanford and Rocky Flats sites 
are surprisingly similar despite the fact that the local atmospheric pressure at Rocky Flats is 
nearly 20 kPa lower than Hanford’s local atmospheric pressure. Almost all of the estimated 
packaging pressures of the Hanford containers are below the average local atmospheric pressure. 
In contrast, almost all of the packaging pressures for the Rocky Flats site are higher than the 
average local atmospheric pressure.  

Different inner container designs may explain the different behaviors of the packaging pressure 
with respect to local atmospheric pressure of containers packaged at Rocky Flats and Hanford. 
The RFETS lid did not sit on a lip like the Hanford/SRS containers.  The RFETS lid was a tight 
fit and was forced by a pneumatic piston down a tapered area of the wall and held in place by the 
piston during welding. This caused an interference metal-to-metal fit which would have had very 
little leakage during the final few mm of insertion and welding. In addition, the pneumatic piston 
drove the lid down an approximately 7” section of the inner container rapidly. Gas probably 
leaked around the lid during positioning but overall the process could have resulted in an internal  

Figure 1. Histograms of the Rocky Flats packaging pressures (red) and the Hanford packaging 
pressures (green). The dotted vertical lines are the average local atmospheric pressures with 
the same color code. 
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pressure higher than local atmosphere after welding. The LLNL inner container and lid was the 
same design as RFETS, but the lid was inserted slowly with a manual screw mechanism which 
would have allowed sufficient time for gas to escape during positioning of the lid. In the 
Hanford/SRS design, the lid was a loose fit and sat on a lip during welding. This design allowed 
gas to leak around the lid resulting in approximately local atmospheric pressure in the container 
at the start of welding. The high temperatures associated with welding would have caused some 
expansion and leakage resulting in a pressure lower than local atmospheric after welding when 
the container has cooled. 

The amount of H2 and the H2 fraction 

The moles of H2 in each container at DE have been calculated using the ideal gas equation with 
inputs for the total pressure, the hydrogen component of the total pressure, mass of material and 
particle density of the material, gas volume within an inner container minus the volume of the 
convenience container, and the average gas temperature. The results are documented in 
Appendix 5. 

The moles of hydrogen are shown in Figure 2 as a function of wt% moisture in the material in 
each container as measured at the time of packaging. The graph shows an indication that for the  

Figure 2 The amount of H2 at DE as a function of the best wt% moisture for each packaging 
site. 
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Hanford subpopulation the extreme values of the absolute quantity of H2 in a container increases 
with the wt% moisture of the material. The variability of the data is also increasing. Within the 
Hanford subpopulation, quantifiable H2 (exceeding 0.1% of the total pressure) is only found in 
containers exceeding 0.1 wt% moisture. The Hanford High Moisture Container (HHMC) 
exceeds the 0.5 wt% moisture limit of DOE-STD-3013 and is therefore not a member of the 
3013 certified population, but its moles of H2 follows the extreme value trend established by the 
Hanford containers with less than 0.5 wt% moisture.  

The SRS subpopulation has no containers with quantifiable H2. Five of the seven SRS containers 
fall in the >0.1 wt% moisture range where the Hanford subpopulation shows quantifiable H2. The 
RFETS subpopulation has two containers with quantifiable H2 and both of these occur at low 
wt% moisture. R610960 FY12DE08 with 11.8% H2 has 0.03 wt% moisture and R610785 
FY10DE15 with 0.7% H2 has 0.01 wt% moisture. There are seven RFETS containers that exceed 
0.1 wt% moisture and none of these containers showed quantifiable H2. This behavior is opposite 
to the Hanford subpopulation trend which shows substantial H2 in the gas phase only in 
containers that exceed 0.1 wt% moisture. 

In the region above 0.24 wt% moisture, there are 24 Hanford containers. Of these containers, 
only four have less than 0.01 moles of H2. Most of the items in the Hanford subpopulation in this 
region contained over 2000 g of material, but these four containers each contained less than 900 
g of material. Thus, despite high water mass fractions, the absolute amounts of water in these 
four containers are lower than the other 20 Hanford containers in this region. This suggests that 
plotting the H2 as a function of the moles of water may provide some insight. Figure 3 shows the 
moles of H2 as a function of the moles of water. In the region above 0.25 moles of water, there 
are 21 Hanford containers, 5 SRS containers, and 7 RFETS containers. One of the 21 Hanford 
containers has less than 0.01 moles of H2 whereas all of the SRS and RFETS containers have less 
than 0.01 moles of H2. The lack of H2 in the SRS and RFETS subpopulations is not consistent 
with expectations from shelf-life studies with moles of water proportional to the amount of 
material nor with the Hanford subpopulation.6 This could be due to moisture samples that do not 
represent the material or conservatism in the process for taking and handling samples for 
moisture measurement at SRS and RFETS that result in moisture uptake by the samples prior to 
measurement, i.e. the moisture samples may be conservative, but not necessarily an accurate 
representation of the packaged material. For RFETS and SRS, the stabilization, handling, and 
sampling were in a dried air box.  The samples were then removed from the boxes and taken to 
another glovebox (not as dry) for analysis.  For Hanford, the stabilization, handling, sampling, 
and analysis were all handled in a wet glovebox.  This means that the RFETS and SRS oxides 
are more likely to have less actual moisture than the moisture sample compared with Hanford. 
This approach is good for ensuring the packaged material meets the 3013 criteria. However, if 
the moisture for these two sites is not accurate, then conclusions based on DE observations 
which include the amount of moisture as an argument could be suspect. The RFETS, SRS and 
LLNL subpopulations was packaged in dry atmospheres that meet the current 3013 Standard RH 
requirements for packaging salts whereas the Hanford subpopulation was packaged in an 
atmosphere that routinely exceeded 15% RH. The source of the difference between the Hanford 
subpopulation and the RFETS and SRS subpopulations should be explored further. 
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Figure 3. The moles of H2 as a function of the moles of water on the packaged material at the 
time of packaging for each packaging site. 
 

Determination of the amount of H2 at DE is a single measurement in time for a system that 
changes with time. Those that are non-zero obviously showed a net increase during storage. 
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reactions, any decrease in the rates of the H2 generation reactions without a corresponding 
decrease in the rates of the H2 consumption reactions will result in a new steady state at a lower 
H2 partial pressure. In addition to ongoing generation mechanisms, there are mechanisms that 
can result in the H2 partial pressure decreasing after reaching a maximum value. For instance, 
water can react with the material to form hydroxyls which do not seem to form H2 thereby 
reducing the H2 generation rate.8 The time for H2 to reach a steady state, the time the system 
remains near that steady state, and the time for the H2 partial pressure to decrease will vary with 
the system. In one shelf-life study, it took ~0.5 years to near a steady state pressure, it remained 
near that pressure for a year, and at 10 years the H2 partial pressure had decreased but was still 
over 10% of the maximum value. On the other hand in another shelf-life study, the estimated 
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Figure 4. The amount of H2 as a function of time for the packaging sites. There is no trend to 
lower amounts of H2 as packaging time increases.  
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moisture value of 0.001% has been assumed for all reported moisture values less than 0.001% 
including negative reported values when calculating the H2 fraction.  

The resulting H2 fractions vs the best wt% moisture for each DE are shown in Figure 5. The 
highest measured H2 fraction to date is for the HHMC at just below 0.18. For the 3013 containers 
with less than 0.5 wt% moisture the maximum value is slightly greater than 0.10. The two 
RFETS containers in which there were measurable quantities of H2 are more obviously unusual 
here than in the plots of the moles of H2 because the wt% moisture is very low in these two 
RFETS containers. These two containers are anomalies in the SRS, RFETS and LLNL 
subpopulations. 

The extreme values of the observed H2 fraction appear to increase with moisture fraction, 
although there is considerable scatter. A beta distribution analysis of the data excluding the 
HHMC value at 0.52 wt% moisture results in a maximum H2 fraction of 0.13 with 99% 
confidence that 97.5% of the population is less than this value (see Appendix 7 for details). 

In Figure 5, the dashed blue line represents the 0.13 maximum H2 fraction for the population 
excluding the HHMC and is plotted up to 0.31 wt% moisture. The density of data points begins 
to decline after ~0.31 wt% moisture. There is no H2 fraction exceeding 0.1 in the interval 
between 0.31 and 0.4 wt% moisture. However, the largest value of ~0.18 occurs at 0.52 wt% 
moisture. It is likely that if there were more observations between 0.31 and 0.5 wt% moisture, 
then the trend in the extreme values of the H2 fraction increasing with wt% moisture would 
continue in this region. The green dotted line in Figure 5 is an empirical boundary chosen to 
represent this potential trend in extreme values between 0.3 and 0.5 wt% moisture. One end of 
this line is anchored at 0.31 wt% moisture and 0.13 H2 fraction. The other end is anchored at 
0.25 H2 fraction in the vicinity of 0.5 wt% moisture. A line with a slope of 0.60 (ΔH2 fraction/ 
Δwt%) meets these criteria with the slope having an appropriate number of significant figures. 
This empirical boundary line also takes into account expert judgement and the results of shelf-
life studies. The expression for the boundary between 0.31 and 0.51 wt% moisture is given by 

݊݋݅ݐܿܽݎܨ	ଶܪ ൌ 	0.6		x	%ݐݓ	݁ݎݑݐݏ݅݋݉ െ 0.056 

where the units of the slope are the same as the units of wt% moisture. 
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Figure 5. The H2 fraction versus best wt% moisture for the packaging sites. The blue dashed 
line is the H2 fraction value from statistical analysis of the compliant population which 
excludes the HHMC point at 0.52 wt% moisture. The green dot‐dash line is an empirical 
boundary that ties the H2 fraction statistical value of 0.13 used for the compliant population 
to the H2 fraction of 0.25 used for the entire population. Reported moisture is the best 
moisture. 

The observation that the H2 fraction increases as the moisture content increases is not unique. 
The observations reported here are mainly from salt containing materials. In high-purity 
plutonium oxides, the efficiency of H2 production per adsorbed dose, as described by the G-value 
for hydrogen – G(H2), is seen to increase as the monolayer coverage increases which is another 
way of saying as the wt% moisture increases.18 For the observations in Figure 5, a constant 
G(H2) would result in a constant H2 fraction if the rate of H2 consumption depended on the 
hydrogen pressure and not on the moisture. For instance, for a constant G(H2), if the wt% 
moisture doubled, then the rate of H2 produced would double and the pressure would have to 
double in order for the H2 consumption to balance the H2 production. The observation that as the 
wt% moisture increases the H2 fraction increases suggests that G(H2) increases with increases in 
wt% moisture as well. Scatter is taken to be reflective of differences inherent to each material. 
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Figure 6. The H2 fraction versus wt% best moisture with the small‐scale reactor (SSR) and full‐
scale container (FSC) shelf‐life data included to illustrate that the H2 fractions observed at DE 
are consistent with the H2 fractions observed in shelf‐life data. The SSR H2 fractions are 
expected to be larger than the H2 fractions for either the 3013 containers or the FSCs (see 
text). 

 The H2 fraction has been evaluated for represented materials in MIS shelf-life studies.6 The 
general class of materials that result in the largest pressure increases and the highest partial 
pressures of hydrogen in shelf-life studies are chloride salt bearing materials. The 3013 
containers in Figure 5 with non-zero H2 fractions contain chloride salt bearing materials. Figure 
6 adds the shelf-life results to the plot shown in Figure 5. The shelf-life results are in agreement 
with the 3013 DE results in general, with the exception of two SSRs where the H2 fraction is in 
the range of 0.21 to 0.25. The SSRs have less relative radiation dose to the headspace gas than 
either the 3013 containers or the shelf-life FSCs.7a This reduction in relative dose to the 
headspace gas due to geometry is expected to reduce the magnitude of hydrogen consumption 
reactions compared to the larger containers, which in turn would result in higher H2 fractions. 
Even in these two cases, the H2 fraction is only 33% higher than the highest observed H2 fraction 
in a 3013 container, which occurs at the highest wt% moisture. All the data available to the MIS 
program indicates that the H2 fraction is 0.25 or less near 0.5 wt% moisture and decreases as the 
wt% moisture decreases. The SSRs are expected to have H2 fractions larger than the 3013 
containers. There are no shelf-life results that suggest the DE results are not bounding for 
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containers of that geometry. Therefore, it is reasonable to use the results of DE alone for 
determination of bounding values for the H2 fraction. 

The H2 fraction for use in the 3013 pressure equation. 

An expression for the maximum H2 fraction for use in the 3013 pressure equation can be derived 
from the blue and green lines in Figure 5. There are two regions. From 0.0 to 0.31 wt% moisture, 
the H2 fraction bound is based on statistical analysis of the data excluding the HHMC and is 
0.13. From 0.31 to ~0.5 wt% moisture, the H2 fraction is an empirical trend line given by 0.6 
(units wt% moisture-1) x the wt% moisture minus 0.056. Above 0.5 wt% moisture there is no 
data to determine the mathematical relationship. These expressions are believed to provide 
conservative values for the H2 fraction. These expressions apply only to plutonium bearing 
materials within 3013 containers with measured moisture content between 0.0 and 0.5 wt%. 

Conclusions 

The gas composition and pressures of 3013 containers at DE have been extracted from the Field 
Surveillance Module database maintained by the ISMP and updated using GEST reports. The 
data have been vetted for accuracy. The H2 partial pressure behavior for each packaging site has 
been examined. It is found that the SRS, RFETS and LLNL subpopulations behave differently 
than the Hanford subpopulation. We point out that the SRS, RFETS and LLNL subpopulations 
show essentially no H2 gas at DE and they were packaged in dry atmospheres that meet the 
current requirements for chloride salt materials. The Hanford subpopulation shows a H2 content 
that increases with amount of water with substantial variability of the data. For containers with 
similar amounts of material, the Hanford subpopulation tends to show an increase in the amount 
of H2 with increase in wt% moisture with a threshold for observing quantifiable H2 near 0.15 
wt% moisture. However, at low material loadings the wt% moisture can be high with very low 
amounts of H2 gas. Helium and nitrogen are the other major constituents. The oxygen partial 
pressure is essentially depleted at DE in all cases with the highest observed amount of oxygen 
being 1.7%, and in this case the H2 concentration was essentially zero. Other minor gases 
observed in some cases included CO2 with maximum content of 3.5%, CO with maximum 
content of 0.8%, N2O with maximum content of 1.4%, and CH4 with maximum content of 0.4%. 

The ratio of H2 measured at DE to the amount calculated using the 3013 pressure equation, 
referred to as the H2 fraction, is calculated. In the DEs evaluated to date, the H2 fraction varies 
from ~1 x 10-6 to 0.18. The maximum H2 fraction value is 0.18 for the HHMC which has more 
than 0.5 wt% moisture. Based on this random sample of containers, it is very likely that the 
existing population of 3013 containers have H2 fractions less than 0.25 according to statistical 
analysis and that below 0.31 wt% moisture it is likely that the H2 fraction is less than 0.13. 

These two bounding values have different statistical justifications. They are based not only on 
statistics, but on shelf-life studies and expert judgement. Therefore, it is recommended that for 
the purposes of calculating a maximum hydrogen pressure using the 3013 pressure equation, a 
correction to the amount of hydrogen produced from decomposition of the water be incorporated. 
The pressure (or moles) of H2 should be reduced by multiplying by 0.13 for moisture content 
between 0.0 and 0.31 wt% moisture and by multiplying by the product of 0.6 (1/wt% moisture) x 
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wt% moisture minus 0.056 for moisture content between 0.31 wt% moisture and 0.5 wt% 
moisture. The appropriate moisture value for this calculation is the best moisture. 
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Appendix 1. Gas composition query 

An SQL query was developed to return values from the database that are needed (1) to report the gas composition and pressure of 
containers when they underwent destructive evaluation and (2) to calculate the expected hydrogen pressure using the 3013 pressure 
equation. The values returned by the query and their use are described in Appendix 1 Table 1. 

Appendix 1 Table 1. The information returned by the FSM query and what the information is used for in this report. When a value 
is used as an example it is indicated by (exp). 
FSM Variable name Unit or example Use 
3013ContainerID H003328 (exp) Identifies the specific 3013 container 
SurveyFY 2007 (exp) Year DE conducted 
DENumber 7 (exp) Number of DE that year; DE numbers 

are consecutive in the order the 
containers were opened. 

GasSource INNER-
CONVENIENCE 

Specifies that the gas information 
returned by the query is for the inner 
container. 

Pressure psia Inner container pressure at time of DE.
UncertPressure psia Uncertainty in the pressure.  
He % Percent of He within inner container at 

time of DE. 
HeEOR <0.10, trace, ND 

(exp) 
Used to record estimated amounts of 
gases that were too low to quantify. 

UncertHe % Uncertainty in the He measurement. 
H2 % Percent of H2 within inner container at 

time of DE. 
H2EOR <0.10, trace, ND 

(exp) 
Used to record estimated amounts of 
gases that were too low to quantify. 

UncertH2 % Uncertainty in the H2 measurement. 
N2 % Percent of N2 within inner container at 

time of DE. 
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N2EOR <0.10, trace, ND 
(exp) 

Used to record estimated amounts of 
gases that were too low to quantify. 

UncertN2 % Uncertainty in the N2 measurement. 
O2 % Percent of O2 within inner container at 

time of DE. 
O2EOR <0.10, trace, ND 

(exp) 
Used to record estimated amounts of 
gases that were too low to quantify. 

UncertO2 % Uncertainty in the O2 measurement. 
CO2 % Percent of CO2 within inner container 

at time of DE. 
CO2EOR <0.10, trace, ND 

(exp) 
Used to record estimated amounts of 
gases that were too low to quantify. 

Uncert CO2 % Uncertainty in the CO2 measurement. 
CO % Percent of CO within inner container 

at time of DE. 
COEOR <0.10, trace, ND 

(exp) 
Used to record estimated amounts of 
gases that were too low to quantify. 

UncertCO % Uncertainty in the CO measurement. 
N2O % Percent of N2O within inner container 

at time of DE. 
N2OEOR <0.10, trace, ND 

(exp) 
Used to record estimated amounts of 
gases that were too low to quantify. 

UncertN2O % Uncertainty in the N2O measurement. 
CH4 % Percent of CH4 within inner container 

at time of DE. 
CH4EOR <0.10, trace, ND 

(exp) 
Used to record estimated amounts of 
gases that were too low to quantify. 

UncertCH4 % Uncertainty in the CH4 measurement. 
MCA3013NetMaterialWeight g Used to calculate the displaced 

volume of the material. 
Wattage W Used to calculate the amount of He 

generated during storage. 
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AvgDensity g mL-1 Used to calculate the displaced 
volume of the material. 

InnerCanDateTimeofweld 10/1/2002 (exp) Used to calculate the storage duration. 
InnerConveniencePunctureDate 10/1/2002 (exp) Used to calculate the storage duration. 
BestMoisture % Used to calculate the amount of water 

in the container at packaging 
 

The three terms <0.10%, Trace, and ND are used when the gas percentage for the species is less than the percentage range over which 
the micro GC is calibrated. These terms are recorded under the xEOR variable name where x is one of the eight gases that are reported 
by GEST, e.g. HeEOR. If one of these terms are reported under the xEOR variable name, then there is no entry under the x variable 
name. The definition of these three terms are given in Appendix 1 Table 2 

Appendix 1 Table 2. The three terms used under the xEOR variable name in the Access database and their definitions. 
EOR term Definition 

<0.10% Peak is visually present and integrates greater than 0.01 vol. %, but less than 
0.1 vol. %. 

Trace Visually a peak is greater than 3x the background noise and integrates to 
0.01 vol. % or less. Note: a range of 0.01 vol % to 0.001vol % is used for 
this term in the evaluation of the maximum H2 fraction. 

ND No peak or if a peak is present and is visually less than 3x the background 
noise. Note: a range of 0.001vol % to 0 vol. % is used for this term in the 
evaluation of the maximum H2 fraction. 

 

Description of query named “dkv July 13 2017 Gas Composition”: 

 

1. The Query statement is: 

 

SELECT DISTINCT SRNLCalcGas.[3013ContainerID], SurveyDocumentNumber.SurveyFY, SurveyDocumentNumber.DENumber, 
SRNLCalcGas.GasSource, SRNLCalcGas.Pressure, SRNLCalcGas.UncertPressure, SRNLCalcGas.He, SRNLCalcGas.HeEOR, 
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SRNLCalcGas.UncertHe, SRNLCalcGas.H2, SRNLCalcGas.H2EOR, SRNLCalcGas.UncertH2, SRNLCalcGas.N2, 
SRNLCalcGas.N2EOR, SRNLCalcGas.UncertN2, SRNLCalcGas.O2, SRNLCalcGas.O2EOR, SRNLCalcGas.UncertO2, 
SRNLCalcGas.CO2, SRNLCalcGas.CO2EOR, SRNLCalcGas.UncertCO2, SRNLCalcGas.CO, SRNLCalcGas.COEOR, 
SRNLCalcGas.UncertCO, SRNLCalcGas.N2O, SRNLCalcGas.N2OEOR, SRNLCalcGas.UncertN2O, SRNLCalcGas.CH4, 
SRNLCalcGas.CH4EOR, SRNLCalcGas.UncertCH4, DE3013Surveillance.MCA3013NetMaterialWeight, 
tblPCDCalGamma.Wattage, SRNLSolidOxideAnalysis.AvgDensity, tblPCDInnerCan.InnerCanDateTimeofweld, 
DEGasSample.InnerConveniencePunctureDate 

FROM (((((SRNLCalcGas INNER JOIN DE3013Surveillance ON SRNLCalcGas.[3013ContainerID] = 
DE3013Surveillance.[3013ContainerID]) INNER JOIN tblPCDCalGamma ON DE3013Surveillance.[3013ContainerID] = 
tblPCDCalGamma.[3013ContainerID]) INNER JOIN tblPCDInnerCan ON tblPCDCalGamma.[3013ContainerID] = 
tblPCDInnerCan.[3013ContainerID]) INNER JOIN DEGasSample ON tblPCDInnerCan.[3013ContainerID] = 
DEGasSample.[3013ContainerID]) INNER JOIN SurveyDocumentNumber ON DEGasSample.[3013ContainerID] = 
SurveyDocumentNumber.[3013ContainerID]) INNER JOIN SRNLSolidOxideAnalysis ON 
SurveyDocumentNumber.[3013ContainerID] = SRNLSolidOxideAnalysis.[3013ContainerID] 

WHERE (((SurveyDocumentNumber.DENumber) Is Not Null) AND ((SRNLCalcGas.GasSource)="INNER-CONVENIENCE") 
AND ((SRNLSolidOxideAnalysis.AvgDensity) Is Not Null)); 
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Appendix 1 Table 3. Structure of the Query in Design View, the 3013ContainerID linked the input tables. 

TABLE FIELD CRITERIA 
SRNLCalGas 3013ContainerID  
SurveyDocumentNumber SurveyFY  
 DENumber Is Not Null 
SRNLCalGas GasSource “INNER-CONVENIENCE 
 Pressure  
 UncertPressure  
 He  
 HeEOR  
 UncertHe  
 H2  
 H2EOR  
 UncertH2  
 N2  
 N2EOR  
 UncertN2  
 O2  
 O2EOR  
 UncertO2  
 CO2  
 CO2EOR  
 Uncert CO2  
 CO  
 COEOR  
 UncertCO  
 N2O  
 N2OEOR  
 UncertN2O  
 CH4  
 CH4EOR  
 UncertCH4  
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DE3013Surveillance MCA3013NetMaterialWeight  
tblPCDCalGamma Wattage  
SRNLSolidOxideAnalysis AvgDensity Is Not Null 
tblPCDInnerCan InnerCanDateTimeofweld  
DEGasSample InnerConveniencePunctureDate  
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Appendix 2. The observed pressure and gas composition for 3013 containers that have undergone DE 

3013 
Container 

FY DE 
Pressure 

(psia) 
He 
(%) 

H2 
(%) 

N2 
(%) 

O2 
(%) 

CO2 
(%) 

CO 
(%) 

N2O 
(%) 

CH4 
(%) 

R600885 2007 1 12.8 +/- 0.4 90.8 +/- 2.8 Trace 9.2 +/- 1.0 <0.10 Trace ND Trace ND 
R601722 2007 2 12.5 +/- 0.4 87.2 +/- 2.8 Trace 12.7 +/- 1.1 <0.10 ND ND Trace ND 
R601957 2007 3 12.8 +/- 0.4 89.6 +/- 2.8 Trace 10.4 +/- 1.0 ND Trace ND Trace ND 
R600719 2007 4 12.9 +/- 0.5 83.8 +/- 2.7 Trace 16.2 +/- 1.1 ND Trace ND Trace ND 
R610735 2007 5 12.4 +/- 0.5 82.3 +/- 2.7 Trace 17.5 +/- 1.1 ND 0.2 +/- 0.01 ND ND ND 
R610697 2007 6 12.5 +/- 0.5 82.0 +/- 2.7 Trace 18.0 +/- 1.1 ND Trace ND ND Trace 
R601285 2007 7 13.4 +/- 0.5 77.4 +/- 2.6 Trace 22.5 +/- 1.2 ND Trace ND ND <0.1 
R602731 2008 1 12.3 +/- 0.4 83.9 +/- 2.7 Trace 16.1 +/- 1.1 <0.10 Trace ND ND Trace 
R601318 2008 2 12.6 +/- 0.4 91.5 +/- 2.9 Trace 8.5 +/- 1.0 ND Trace ND ND ND 
H000898 2008 3 12.3 +/- 0.4 80.3 +/- 2.7 Trace 19.3 +/- 1.2 <0.10 0.3 +/- 0.02 ND ND ND 
R610327 2008 4 12.4 +/- 0.5 82.8 +/- 2.7 Trace 16.7 +/- 1.2 ND 0.4 +/- 0.02 ND ND ND 
R610298 2008 5 13.0 +/- 0.5 84.0 +/- 2.7 Trace 16.0 +/- 1.1 ND Trace ND ND ND 
R610324 2008 6 13.1 +/- 0.5 82.3 +/- 2.7 Trace 17.7 +/- 1.2 ND ND ND ND ND 
H001992 2008 7 13.3 +/- 0.4 57.8 +/- 2.4 Trace 42.2 +/- 1.6 ND ND ND ND ND 
H003157 2008 8 12.4 +/- 0.4 54.3 +/- 2.4 Trace 44.0 +/- 1.7 1.7 +/- 0.2 Trace ND ND ND 
R610584 2008 9 13.7 +/- 0.5 84.6 +/- 2.8 Trace 14.8 +/- 1.1 ND 0.7 +/- 0.03 ND ND ND 
R610578 2008 10 12.5 +/- 0.5 82.1 +/- 2.7 Trace 17.8 +/- 1.2 ND <0.10 ND ND ND 
H001916 2008 11 13.3 +/- 0.4 54.5 +/- 2.4 Trace 45.6 +/- 1.8 ND Trace ND ND ND 
H002088 2008 12 12.4 +/- 0.4 58.4 +/- 2.4 Trace 41.6 +/- 1.6 ND Trace ND ND ND 
H003409 2008 13 13.4 +/- 0.4 47.1 +/- 2.3 18.7 +/- 0.3 34.2 +/- 1.5 ND Trace ND ND Trace 
H002573 2008 14 17.6 +/- 0.4 37.9 +/- 2.2 27.9 +/- 0.5 33.9 +/- 1.4 ND 0.3 +/- 0.02 ND <0.10 Trace 
H002534 2008 15 13.7 +/- 0.4 41.4 +/- 2.3 30.8 +/- 0.5 24.0 +/- 1.4 ND 2.7 +/- 0.1 0.8 +/- 0.04 Trace 0.4 +/- 0.02 
R610679 2008 16 11.7 +/- 0.4 70.3 +/- 2.6 Trace 26.7 +/- 1.4 ND 3.0 +/- 0.2 <0.1% Trace ND 
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3013 
Container 

FY DE 
Pressure 

(psia) 
He 
(%) 

H2 
(%) 

N2 
(%) 

O2 
(%) 

CO2 
(%) 

CO 
(%) 

N2O 
(%) 

CH4 
(%) 

H002750 2008 17 13.1 +/- 0.4 63.1 +/- 2.5 Trace 36.8 +/- 1.8 0.1 +/- 0.3 Trace ND <0.10 ND 
H004099 2009 1 11.7 +/- 0.4 45.0 +/- 2.3 Trace 53.0 +/- 2.0 0.2 +/- 0.2 0.4 +/- 0.1 Trace 1.4 +/- 0.1 ND 
H004111 2009 2 14.4 +/- 0.4 34.1 +/- 2.2 21.5 +/- 0.4 44.4 +/- 1.8 <0.10 Trace ND <0.10 ND 
H002554 2009 3 12.4 +/- 0.4 45.3 +/- 2.3 22.1 +/- 0.3 32.6 +/- 1.4 Trace Trace ND Trace Trace 
H001941 2009 4 13.2 +/- 0.4 50.2 +/- 2.3 Trace 49.8 +/- 1.7 ND Trace ND <0.10 ND 
R602498 2009 5 12.3 +/- 0.4 87.5 +/- 2.8 ND 12.5 +/- 1.0 <0.10 Trace ND <0.10 ND 
H002509 2009 6 20.6 +/- 0.5 34.1 +/- 2.2 36.3 +/- 0.6 29.2 +/- 1.4 <0.10 0.4 +/- 0.02 ND <0.10 ND 
H002565 2009 7 11.1 +/- 0.4 55.8 +/- 2.4 4.4 +/- 0.1 39.8 +/- 1.5 <0.10 <0.10 ND <0.10 Trace 
H002657 2009 8 11.2 +/- 0.4 61.8 +/- 2.5 0.7 +/- 0.1 37.5 +/- 1.5 <0.10 ND ND <0.10 ND 
R611398 2009 9 11.4 +/- 0.4 80.6 +/- 2.7 <0.10 18.9 +/- 1.2 <0.10 ND ND 0.4 +/- 0.02 ND 
H002200 2009 10 13.5 +/- 0.4 50.5 +/- 2.3 <0.10 49.5 +/- 1.8 <0.10 ND ND <0.10 ND 
H002667 2009 11 11.6 +/- 0.4 53.7 +/- 2.4 <0.10 46.2 +/- 1.7 <0.10 Trace ND Trace ND 
H002715 2009 12 20.5 +/- 0.5 34.4 +/- 2.2 38.5 +/- 0.6 24.2 +/- 1.2 <0.10 2.6 +/- 0.1 0.2 +/- 0.1 Trace 0.1 +/- 0.01 
R610700 2009 13 11.5 +/- 0.4 82.9 +/- 2.7 <0.10 14.2 +/- 1.1 <0.10 2.9 +/- 0.2 ND ND ND 
R610764 2009 14 12.2 +/- 0.4 83.3 +/- 2.7 <0.10 16.8 +/- 1.1 <0.10 ND ND ND ND 
R610573 2009 15 13.7 +/- 0.5 85.5 +/- 2.8 Trace 14.2 +/- 1.0 <0.10 ND ND 0.3 +/- 0.01 ND 
R610558 2009 16 12.3 +/- 0.4 81.8 +/- 2.7 Trace 17.2 +/- 1.1 0.1 +/- 0.2 0.3 +/- 0.1 ND 0.6 +/- 0.1 ND 
R610806 2009 17 12.2 +/- 0.5 84.3 +/- 2.7 <0.10 15.1 +/- 1.1 <0.10 ND <0.10 0.6 +/- 0.03 ND 
H003119 2009 18 11.7 +/- 0.4 56.6 +/- 2.4 <0.10 43.3 +/- 1.6 <0.10 ND ND 0.2 +/- 0.01 ND 
H002195 2009 19 13.7 +/- 0.4 45.6 +/- 2.3 Trace 54.4 +/- 1.9 <0.10 <0.10 +/- 0 <0.10 ND ND 
H004251 2010 1 17.5 +/- 0.5 53.4 +/- 2.4 27.4 +/- 0.4 16.2 +/- 1.1 <0.10 2.5 +/- 0.1 0.4 +/- 0.02 <0.10 0.2 +/- 0.01 
H002496 2010 2 11.6 +/- 0.4 54.3 +/- 2.4 1.3 +/- 0.1 44.4 +/- 1.7 <0.10 ND ND <0.10 ND 
H003710 2010 3 16.6 +/- 0.4 39.8 +/- 2.2 25.7 +/- 0.4 34.0 +/- 1.4 <0.10 0.4 +/- 0.02 <0.10 <0.10 <0.10 
H003655 2010 4 17.6 +/- 0.5 43.0 +/- 2.3 27.4 +/- 0.4 29.3 +/- 1.3 <0.10 0.3 +/- 0.01 <0.10 <0.10 <0.10 
H002447 2010 5 12.0 +/- 0.4 52.0 +/- 2.4 <0.10 47.6 +/- 1.8 0.1 +/- 0.2 ND <0.10 0.3 +/- 0.02 ND 
R610627 2010 6 14.7 +/- 0.6 85.1 +/- 2.8 Trace 14.8 +/- 1.2 <0.10 <0.10 <0.10 ND ND 
H003900 2010 7 17.0 +/- 0.5 44.1 +/- 2.3 30.1 +/- 0.5 25.5 +/- 1.2 <0.10 0.2 +/- 0.01 ND ND <0.10 
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3013 
Container 

FY DE 
Pressure 

(psia) 
He 
(%) 

H2 
(%) 

N2 
(%) 

O2 
(%) 

CO2 
(%) 

CO 
(%) 

N2O 
(%) 

CH4 
(%) 

H003650 2010 8 12.8 +/- 0.4 52.2 +/- 2.3 16.9 +/- 0.3 30.9 +/- 1.3 <0.10 ND ND <0.10 ND 
H002567 2010 9 11.7 +/- 0.4 57.9 +/- 2.4 <0.10 42.1 +/- 1.6 <0.10 ND ND <0.10 ND 
H002728 2010 10 11.4 +/- 0.4 54.0 +/- 7.6 14.7 +/- 1.7 31.3 +/- 5.8 -0.1 +/- 0.2 <0.10 ND <0.10 ND 
H002786 2010 11 12.5 +/- 0.4 51.7 +/- 2.3 10.5 +/- 0.2 37.7 +/- 1.5 <0.10 <0.10 <0.10 <0.10 ND 
H003077 2010 12 12.2 +/- 0.4 52.3 +/- 2.4 <0.10 46.7 +/- 1.7 <0.10 ND ND 1.0 +/- 0.05 ND 
H003367 2010 13 11.5 +/- 0.4 61.2 +/- 2.5 0.8 +/- 0.1 38.0 +/- 1.5 <0.10 <0.10 <0.10 <0.10 ND 
H003704 2010 14 15.3 +/- 0.4 41.3 +/- 2.2 22.5 +/- 0.4 36.0 +/- 1.5 <0.10 <0.10 <0.10 <0.10 <0.10 
R610785 2010 15 13.9 +/- 0.5 84.8 +/- 2.7 0.7 +/- 0.1 14.5 +/- 1.1 <0.10 Trace <0.10 ND ND 
R610826 2010 16 12.0 +/- 0.5 88.5 +/- 2.8 ND 11.5 +/- 1.1 <0.10 <0.10 ND ND ND 
R610853 2010 17 12.3 +/- 0.5 86.8 +/- 2.8 Trace 13.2 +/- 1.1 <0.10 Trace ND ND ND 
S001721 2010 18 12.0 +/- 0.4 73.6 +/- 2.6 Trace 26.2 +/- 1.3 <0.10 Trace ND 0.1 +/- 0.01 ND 

H003443 2011 1 18.1 +/- 0.5 35.7 +/- 2.2 36.6 27.6 +/- 1.2 Trace <0.10 ND <0.10 ND 
S002129 2011 2 12.4 +/- 0.4 59.9 +/- 2.4 Trace 39.7 +/- 1.6 Trace Trace ND 0.4 +/- 0.02 ND 
H002592 2011 3 11.8 +/- 0.4 60.0 +/- 2.4 Trace 39.9 +/- 1.6 Trace ND ND <0.10 ND 
H003337 2011 4 12.3 +/- 0.4 62.7 +/- 2.5 Trace 37.2 +/- 1.5 <0.10 Trace ND Trace ND 
S001105 2011 5 12.0 +/- 0.4 45.2 +/- 2.3 trace 53.9 +/- 1.9 ND Trace ND 0.9 +/- 0.05 ND 
H003343 2011 6 11.6 +/- 0.4 55.3 +/- 2.4 Trace 44.2 +/- 1.6 <0.10 ND ND 0.5 +/- 0.03 ND 
H003371 2011 7 12.1 +/- 0.4 56.7 +/- 2.4 15.1 +/- 0.2 28.2 +/- 1.3 ND Trace ND <0.10 ND 
H003526 2011 8 10.0 +/- 0.4 65.5 +/- 2.5 0.5 +/- 0.1 34.0 +/- 1.5 Trace Trace ND Trace ND 
H003565 2011 9 10.5 +/- 0.4 67.9 +/- 2.5 0.9 +/- 0.1 31.1 +/- 1.4 <0.10 Trace ND Trace ND 
R611131 2011 10 13.8 +/- 0.5 86.1 +/- 2.8 ND 13.9 +/- 1.1 Trace Trace ND ND ND 
H003625 2011 11 11.8 +/- 0.4 78.2 +/- 2.7 0.5 +/- 0.1 21.3 +/- 1.2 <0.10 ND ND ND ND 
L000178 2011 12 13.8 +/- 0.5 2.3 +/- 2.1 Trace 97.7 +/- 3.0 <0.10 Trace ND Trace ND 
H003328 2011 13 43.4 14.2 74.4 11.3 0.1 ND ND ND ND 
H001209 2012 1 12.1 +/- 0.4 55.0 +/- 2.4 0.4 +/- 0.1 44.6 +/- 1.6 Trace ND ND ND ND 
H002574 2012 2 12.8 +/- 0.4 91.8 +/- 2.8 ND 8.1 +/- 1.0 Trace ND ND <0.10 ND 
H001513 2012 3 11.3 +/- 0.4 52.8 +/- 2.3 <0.10 46.5 +/- 1.7 <0.10 ND ND 0.5 +/- 0.03 ND 
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3013 
Container 

FY DE 
Pressure 

(psia) 
He 
(%) 

H2 
(%) 

N2 
(%) 

O2 
(%) 

CO2 
(%) 

CO 
(%) 

N2O 
(%) 

CH4 
(%) 

H003390 2012 4 11.4 +/- 0.4 57.7 +/- 2.4 0.2 +/- 0.1 41.9 +/- 1.6 <0.10 ND ND 0.2 +/- 0.01 ND 
L000075 2012 5 14.2 +/- 0.5 18.4 +/- 2.1 Trace 77.2 +/- 2.5 <0.10 3.5 +/- 0.2 <0.10 0.9 +/- 0.05 ND 
H004012 2012 6 10.9 +/- 0.4 48.4 +/- 2.3 <0.10 51.5 +/- 1.8 <0.10 <0.10 ND Trace ND 
H004048 2012 7 9.8 +/- 0.4 51.9 +/- 2.3 4.1 +/- 0.1 43.5 +/- 1.6 <0.10 0.4 +/- 0.02 <0.10 Trace <0.10 
R610960 2012 8 13.0 +/- 0.5 87.4 +/- 2.8 11.7 +/- 0.2 0.8 +/- 1.0 Trace Trace ND ND <0.10 
S002250 2012 10 13.6 +/- 0.4 73.2 +/- 2.6 Trace 21.5 +/- 1.2 1.0 +/- 0.2 3.6 +/- 0.2 0.3 +/- 0.02 0.4 +/- 0.02 ND 
H001236 2013 1 12.4 +/- 0.4 50.5 +/- 3.0 0.7 +/- 0.1 48.8 +/- 1.7 ND ND ND Trace ND 
R610996 2014 1 12.2 +/- 0.5 92.5 +/- 4.4 <0.10 7.4 +/- 1.0 ND Trace ND ND ND 
H003064 2014 2 22.9 +/- 0.5 45.6 +/- 2.8 43.9 +/- 1.9 10.2 +/- 1.0 ND 0.2 +/- 0.01 Trace Trace Trace 
H003307 2014 3 11.2 +/- 0.4 54.6 +/- 3.1 <0.10 45.4 +/- 1.7 ND Trace ND Trace ND 
H003052 2014 4 10.4 +/- 0.4 65.3 +/- 3.4 7.9 +/- 0.4 26.8 +/- 1.3 ND Trace ND Trace ND 
H003898 2014 5 11.7 +/- 0.4 53.7 +/- 3.1 16.7 +/- 0.7 29.5 +/- 1.3 ND 0.1 +/- 0.01 ND ND Trace 
S002277 2014 6 12.2 +/- 0.4 46.4 +/- 3.1 Trace 53.4 +/- 1.3 ND ND ND 0.2 +/- 0.01 ND 
S002116 2014 7 13.0 +/- 0.4 80.2 +/- 4.0 ND 19.8 +/- 1.1 ND ND ND Trace ND 
H004219 2014 8 10.5 +/- 0.4 68.9 +/- 3.6 0.9 +/- 0.1 30.2 +/- 1.3 ND Trace ND Trace ND 
H002636 2014 9 12.3 +/- 0.4 50.9 +/- 3.0 Trace 49.0 +/- 1.7 ND ND ND <0.01 ND 
R610156 2015 1 12.5 +/- 0.4 83.2 +/- 4.1 ND 16.8 +/- 1.1 ND ND ND ND ND 
S002162 2015 2 12.1 +/- 0.4 49.9 +/- 2.9 Trace 49.9 +/- 1.8 ND ND ND 0.2 +/- 0.01 ND 
H001979 2015 3 11.9 +/- 0.4 55.3 +/- 3.1 Trace 44.7 +/- 1.6 ND ND ND ND ND 
H001181 2015 4 13.0 +/- 0.4 77.6 +/- 3.9 <0.10 22.3 +/- 1.2 ND ND ND <0.10 ND 
H003181 2015 5 13.1 +/- 0.4 83.7 +/- 4.1 10.5 +/- 0.5 5.7 +/- 1.0 ND <0.10 ND Trace Trace 
H003258 2015 6 11.2 +/- 0.4 58.1 +/- 3.2 <0.10 41.9 +/- 1.6 ND Trace ND Trace ND 
H003737 2015 7 10.4 +/- 0.4 64.3 +/- 3.4 9.2 +/- 0.4 26.5 +/- 1.3 ND <0.10 ND Trace Trace 
H003896 2015 8 21.6 +/- 0.5 32.4 +/- 2.5 47.7 +/- 2 19.8 +/- 1.1 ND 0.1 +/- 0.01 ND ND Trace 
H004302 2015 9 11.6 +/- 0.4 50.4 +/- 3.0 23.1 +/- 1 26.4 +/- 1.2 ND 0.1 +/- 0.01 ND ND Trace 
H001191 2016 1 13.0 +/- 0.4 59.3 +/- 3.2 5.5 +/- 0.3 35.2 +/- 1.4 ND Trace ND Trace ND 
H002556 2016 2 10.5 +/- 0.4 63.3 +/- 3.4 0.2 +/- 0.1 36.5 +/- 1.4 ND <0.10 ND Trace ND 
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3013 
Container 

FY DE 
Pressure 

(psia) 
He 
(%) 

H2 
(%) 

N2 
(%) 

O2 
(%) 

CO2 
(%) 

CO 
(%) 

N2O 
(%) 

CH4 
(%) 

H004173 2016 3 10.4 +/- 0.4 80.7 +/- 4.0 0.7 +/- 0.1 18.5 +/- 1.2 ND <0.10 <0.10 Trace ND 
H004247 2016 4 12.0 +/- 0.4 55.7 +/- 3.1 Trace 44.3 +/- 1.6 ND ND ND Trace ND 
H003775 2016 5 10.4 +/- 0.4 60.8 +/- 3.3 <0.10 39.2 +/- 1.5 ND ND ND Trace Trace 
H004024 2016 6 11.1 +/- 0.4 59.6 +/- 3.3 <0.10 40.4 +/- 1.6 ND Trace ND Trace ND 
H001304 2017 1 12.3 +/- 0.4 47.0 +/- 2.9 2.9 +/- 0.2 50.1 +/- 1.8 ND ND ND Trace ND 
H002575 2017 2 13.7 +/- 0.4 45.2 +/- 2.8 22.0 +/- 0.9 32.8 +/- 1.4 ND Trace ND Trace ND 
H003352 2017 3 8.4 +/- 0.4 75.3 +/- 3.8 2.5 +/- 0.2 22.1 +/- 1.2 ND Trace ND Trace ND 
H003695 2017 4 18.7 +/- 0.5 35.2 +/- 2.5 46.6 +/- 2.0 18.1 +/- 1.1 ND <0.10 ND ND <0.10 
H002508 2017 5 15.1 +/- 0.4 43.8 +/- 2.8 30.7 +/- 1.3 25.5 +/- 1.2 ND <0.10 ND Trace Trace 
R600793 2017 6 13.1 +/- 0.5 90.0 +/- 4.3 Trace 10.0 +/- 1.0 ND ND ND Trace ND 
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Appendix 3. The volume of the inner container with convenience container, the material mass and particle 
density, the material volume, the free gas volume, the wattage of the material, and the best moisture 
percentage for each container. 

3013 

Container 
FY  DE 

Inner 
container 
volume 

(L) 

Material 
mass 
(g) 

Material 
particle 
density 
(g mL‐3) 

Material 
volume 
(mL) 

Free gas 
volume 
(mL) 

Material 
wattage 
(W) 

Average gas 
temperatur

e 
(K) 

Best 
moisture 

(%) 

R600885  2007  1  1.9780 4313.7 11.560 373.2  1604.8 9.419 341.5 0.1050 
R601722  2007  2  1.9780 4410.3 11.000 400.9  1577.1 9.339 341.5 0.1830 
R601957  2007  3  1.9780 3877.7 11.340 341.9  1636.1 8.377 341.5 0.0330 
R600719  2007  4  1.9780 4352.2 10.620 409.8  1568.2 9.299 341.5 0.1040 
R610735  2007  5  1.9780 2373.3 4.500 527.4  1450.6 3.085 341.5 0.3581 
R610697  2007  6  1.9780 2832.9 5.950 476.1  1501.9 4.683 341.5 0.2806 
R601285  2007  7  1.9780 4733.8 10.950 432.3  1545.7 10.462 341.5 0.1490 
R602731  2008  1  1.9780 3443.7 9.420 365.6  1612.4 4.748 341.5 0.0720 
R601318  2008  2  1.9780 3960.0 10.410 380.4  1597.6 8.401 341.5 0.1660 
H000898  2008  3  1.9090 4137.0 9.150 452.1  1456.9 8.237 341.5 0.0013 
R610327  2008  4  1.9780 3647.8 7.240 503.8  1474.2 1.345 341.5 0.0026 
R610298  2008  5  1.9780 3801.6 6.030 630.4  1347.6 6.120 341.5 0.0043 
R610324  2008  6  1.9780 3042.4 6.690 454.8  1523.2 5.319 341.5 0.0102 
H001992  2008  7  1.9090 3185.4 6.890 462.3  1446.7 4.721 341.5 0.0743 
H003157  2008  8  1.9090 1709.8 10.960 156.0  1753.0 14.458 341.5 0.1233 
R610584  2008  9  1.9780 3490.4 8.540 408.7  1569.3 6.398 341.5 0.1400 
R610578  2008  10  1.9780 3532.9 7.220 489.3  1488.7 5.900 341.5 0.0200 
H001916  2008  11  1.9090 1896.6 4.960 382.4  1526.6 1.684 341.5 -0.0022 
H002088  2008  12  1.9090 1017.4 11.070 91.9  1817.1 11.418 341.5 0.1433 
H003409  2008  13  1.9090 2485.2 6.970 356.6  1552.4 4.531 341.5 0.2114 
H002573  2008  14  1.9090 2500.2 7.170 348.7  1560.3 4.402 341.5 0.2744 
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3013 

Container 
FY  DE 

Inner 
container 
volume 

(L) 

Material 
mass 
(g) 

Material 
particle 
density 
(g mL‐3) 

Material 
volume 
(mL) 

Free gas 
volume 
(mL) 

Material 
wattage 
(W) 

Average gas 
temperatur

e 
(K) 

Best 
moisture 

(%) 

H002534  2008  15  1.9090 2500.1 6.960 359.2  1549.8 4.262 341.5 0.2483 
R610679  2008  16  1.9780 4536.9 9.060 500.8  1477.2 6.991 341.5 0.0401 
H002750  2008  17  1.9090 3135.3 8.060 389.0  1520.0 5.830 341.5 0.0125 
H004099  2009  1  1.9090 3435.9 10.090 340.5  1568.5 7.543 341.5 0.2003 
H004111  2009  2  1.9090 2483.4 7.130 348.3  1560.7 4.348 341.5 0.2861 
H002554  2009  3  1.9090 2506.6 6.760 370.8  1538.2 4.295 341.5 0.2410 
H001941  2009  4  1.9090 2801.8 7.800 359.2  1549.8 5.498 341.5 0.0059 
R602498  2009  5  1.9780 3378.3 9.920 340.6  1637.4 7.054 341.5 0.2600 
H002509  2009  6  1.9090 2487.6 7.040 353.4  1555.6 4.290 341.5 0.3080 
H002565  2009  7  1.9090 2493.0 6.490 384.1  1524.9 4.270 341.5 0.2920 
H002657  2009  8  1.9090 2500.1 8.540 292.8  1616.2 4.636 341.5 0.1750 
R611398  2009  9  1.9780 3337.8 9.070 368.0  1610.0 5.947 341.5 0.2887 
H002200  2009  10  1.9090 4037.1 8.330 484.6  1424.4 7.709 341.5 0.0210 
H002667  2009  11  1.9090 2331.6 6.760 344.9  1564.1 4.082 341.5 0.1555 
H002715  2009  12  1.9090 2493.5 6.420 388.4  1520.6 4.270 341.5 0.3090 
R610700  2009  13  1.9780 4540.4 8.380 541.8  1436.2 7.534 341.5 0.0253 
R610764  2009  14  1.9780 1996.2 6.210 321.4  1656.6 3.055 341.5 0.0477 
R610573  2009  15  1.9780 2799.2 6.960 402.2  1575.8 4.459 341.5 0.1213 
R610558  2009  16  1.9780 3950.9 11.110 355.6  1622.4 8.510 341.5 -0.0017 
R610806  2009  17  1.9780 4366.5 8.650 504.8  1473.2 8.193 341.5 0.1116 
H003119  2009  18  1.9090 2429.0 7.470 325.2  1583.8 5.532 341.5 0.0967 
H002195  2009  19  1.9090 3937.1 9.630 408.8  1500.2 8.770 341.5 0.0000 
H004251  2010  1  1.9090 2578.4 4.920 524.1  1384.9 3.745 341.5 0.1777 
H002496  2010  2  1.9090 1886.5 6.060 311.3  1597.7 2.470 341.5 0.2072 
H003710  2010  3  1.9090 2498.6 6.840 365.3  1543.7 4.460 341.5 0.3360 
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3013 

Container 
FY  DE 

Inner 
container 
volume 

(L) 

Material 
mass 
(g) 

Material 
particle 
density 
(g mL‐3) 

Material 
volume 
(mL) 

Free gas 
volume 
(mL) 

Material 
wattage 
(W) 

Average gas 
temperatur

e 
(K) 

Best 
moisture 

(%) 

H003655  2010  4  1.9090 2588.8 6.610 391.6  1517.4 4.541 341.5 0.2575 
H002447  2010  5  1.9090 2435.1 9.250 263.3  1645.7 4.765 341.5 0.0384 
R610627  2010  6  1.9780 3286.3 4.700 699.2  1278.8 4.401 341.5 0.0163 
H003900  2010  7  1.9090 2479.9 5.430 456.7  1452.3 3.658 341.5 0.3037 
H003650  2010  8  1.9090 2483.2 7.770 319.6  1589.4 4.623 341.5 0.2921 
H002567  2010  9  1.9090 814.6 6.250 130.3  1778.7 1.232 341.5 0.0436 
H002728  2010  10  1.9090 2474.5 6.640 372.7  1536.3 4.347 341.5 0.1631 
H002786  2010  11  1.9090 2504.8 6.650 376.7  1532.3 4.290 341.5 0.2468 
H003077  2010  12  1.9090 3332.5 10.180 327.4  1581.6 6.860 341.5 0.0873 
H003367  2010  13  1.9090 2052.0 6.040 339.7  1569.3 2.675 341.5 0.1319 
H003704  2010  14  1.9090 2488.7 6.340 392.5  1516.5 4.443 341.5 0.2820 
R610785  2010  15  1.9780 3023.5 5.800 521.3  1456.7 4.658 341.5 0.0117 
R610826  2010  16  1.9780 3532.0 4.700 751.5  1226.5 4.694 341.5 0.0079 
R610853  2010  17  1.9780 4116.6 7.380 557.8  1420.2 7.167 341.5 0.0269 
S001721  2010  18  1.9940 3971.3 10.420 381.1  1612.9 8.319 341.5 0.1900 
H003443  2011  1  1.9090 2491.6 6.960 358.0  1551.0 4.224 341.5 0.2968 
S002129  2011  2  1.9940 4737.1 9.950 476.1  1517.9 9.633 341.5 0.2400 
H002592  2011  3  1.9090 1374.9 6.400 214.8  1694.2 1.818 341.5 0.0304 
H003337  2011  4  1.9090 2392.4 5.160 463.6  1445.4 3.272 341.5 0.1123 
S001105  2011  5  1.9940 4814.4 10.150 474.3  1519.7 9.721 341.5 0.1967 
H003343  2011  6  1.9090 1921.9 8.210 234.1  1674.9 3.630 341.5 0.1712 
H003371  2011  7  1.9090 2233.9 6.970 320.5  1588.5 3.027 341.5 0.1784 
H003526  2011  8  1.9090 2491.9 6.860 363.3  1545.7 4.272 341.5 0.1319 
H003565  2011  9  1.9090 2466.9 7.920 311.5  1597.5 4.619 341.5 0.1588 
R611131  2011  10  1.9780 3603.9 8.180 440.6  1537.4 6.984 341.5 0.0147 
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(L) 
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(g) 

Material 
particle 
density 
(g mL‐3) 
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volume 
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volume 
(mL) 

Material 
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Average gas 
temperatur

e 
(K) 

Best 
moisture 

(%) 

H003625  2011  11  1.9090 2484.4 7.440 333.9  1575.1 4.580 341.5 0.1399 
L000178  2011  12  1.9780 2714.9 6.090 445.8  1532.2 2.961 341.5 0.0060 
H003328  2011  13  1.9090 2484.9 8.060 308.3  1600.7 4.920 341.5 0.5153 
H001209  2012  1  1.9090 790.2 6.020 131.3  1777.7 1.120 341.5 0.2772 
H002574  2012  2  1.9090 1909.7 5.430 351.7  1557.3 2.383 341.5 0.1403 
H001513  2012  3  1.9090 827.2 6.170 134.1  1774.9 1.192 341.5 0.3073 
H003390  2012  4  1.9090 3135.7 7.800 402.0  1507.0 4.707 341.5 0.1137 
L000075  2012  5  1.9780 4847.8 10.550 459.5  1518.5 9.778 341.5 0.0005 
H004012  2012  6  1.9090 2490.9 5.620 443.2  1465.8 3.840 341.5 0.1447 
H004048  2012  7  1.9090 2433.8 4.730 514.5  1394.5 3.338 341.5 0.1017 
R610960  2012  8  1.9780 3211.3 5.150 623.6  1354.4 4.596 341.5 0.0343 
S002250  2012  10  1.9940 4474.0 8.580 521.4  1472.6 6.693 341.5 0.0233 
H001236  2013  1  1.9090 739.1 4.860 152.1  1756.9 0.840 299.0 0.4000 
R610996  2014  1  1.9780 3787.8 4.750 797.4  1180.6 5.440 341.5 0.0105 
H003064  2014  2  1.9090 2487.1 6.170 403.1  1505.9 4.145 341.5 0.3001 
H003307  2014  3  1.9090 2277.0 5.900 385.9  1523.1 3.739 313.4 0.1694 
H003052  2014  4  1.9090 2504.7 6.319 396.4  1512.6 4.180 312.7 0.1942 
H003898  2014  5  1.9090 2480.0 5.656 438.5  1470.5 3.972 311.4 0.1594 
S002277  2014  6  1.9940 4781.6 10.114 472.8  1521.2 9.587 333.0 0.2233 
S002116  2014  7  1.9940 4778.4 9.979 478.8  1515.2 9.488 333.8 0.1333 
H004219  2014  8  1.9090 2080.5 6.011 346.1  1562.9 3.405 309.7 0.1584 
H002636  2014  9  1.9090 2888.0 10.055 287.2  1621.8 9.458 333.8 0.0085 
R610156  2015  1  1.9780 1234.3 4.434 278.4  1699.6 1.541 300.9 0.3200 
S002162  2015  2  1.9940 4742.3 10.383 456.8  1537.2 9.559 332.7 0.0967 
H001979  2015  3  1.9090 2362.2 6.958 339.5  1569.5 4.208 316.0 0.0977 
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(%) 

H001181  2015  4  1.9090 899.3 7.647 117.6  1791.4 1.740 300.6 0.3300 
H003181  2015  5  1.9090 2492.3 7.943 313.8  1595.2 4.760 314.3 0.2849 
H003258  2015  6  1.9090 2483.6 7.192 345.3  1563.7 4.304 312.3 0.1469 
H003737  2015  7  1.9090 2483.5 6.409 387.5  1521.5 4.280 313.6 0.2400 
H003896  2015  8  1.9090 2541.5 5.876 432.5  1476.5 3.910 310.7 0.2826 
H004302  2015  9  1.9090 2425.8 5.947 407.9  1501.1 4.230 312.4 0.1926 
H001191  2016  1  1.9090 993.4 7.699 129.0  1780.0 1.840 303.8 0.3056 
H002556  2016  2  1.9090 2518.2 7.663 328.6  1580.4 4.497 314.3 0.1500 
H004173  2016  3  1.9090 2492.3 6.213 401.1  1507.9 4.390 313.2 0.1690 
H004247  2016  4  1.9090 2483.0 5.976 415.5  1493.5 4.040 311.4 0.1305 
H003775  2016  5  1.9090 2466.7 7.723 319.4  1589.6 5.320 316.9 0.1487 
H004024  2016  6  1.9090 2476.6 6.599 375.3  1533.7 4.360 313.0 0.1865 
H001304  2017  1  1.9090 1034.9 4.956 208.8  1700.2 1.174 299.5 0.2670 
H002575  2017  2  1.9090 2488.8 7.830 317.8  1591.2 4.580 313.9 0.2960 
H003352  2017  3  1.9090 2438.8 7.326 332.9  1576.1 4.544 314.3 0.2900 
H003695  2017  4  1.9090 2499.9 6.769 369.3  1539.7 4.450 313.9 0.2650 
H002508  2017  5  1.9090 2459.8 6.213 395.9  1513.1 4.180 311.8 0.2420 
R600793  2017  6  1.9780 4522.1 9.686 466.9  1511.1 9.722 336.4 0.3200 
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Appendix 4. The amount of each gas calculated from the pressure, the gas volume, and the measured percent 
of each gas (input data from Appendix 2 and Appendix 3) Reported percentages that were non‐numeric (ND, 
Trace, and <0.01) are reported as ‐‐‐ in this table. 

3013 

Container 
FY  DE 

He 
(mole) 

H2 
(mole) 

N2 
(mole) 

O2 
(mole) 

CO2 
(mole) 

CO 
(mole) 

N2O 
(mole) 

CH4 
(mole) 

R600885  2007  1  4.53E-02  --- 4.59E-03  ---   ---  ---  ---  ---
R601722  2007  2  4.17E-02  --- 6.08E-03  ---   ---  ---  ---  ---
R601957  2007  3  4.56E-02  --- 5.29E-03  ---   ---  ---  ---  ---
R600719  2007  4  4.12E-02  --- 7.96E-03  ---   ---  ---  ---  ---
R610735  2007  5  3.60E-02  --- 7.64E-03  ---  9.61E-05  ---  ---  ---
R610697  2007  6  3.74E-02  --- 8.21E-03  ---   ---  ---  ---  ---
R601285  2007  7  3.89E-02  --- 1.13E-02  ---   ---  ---  ---  ---
R602731  2008  1  4.04E-02  --- 7.75E-03  ---   ---  ---  ---  ---
R601318  2008  2  4.47E-02  --- 4.16E-03  ---   ---  ---  ---  ---
H000898  2008  3  3.49E-02  --- 8.40E-03  ---  1.31E-04  ---  ---  ---
R610327  2008  4  3.68E-02  --- 7.41E-03  ---  1.78E-04  ---  ---  ---
R610298  2008  5  3.57E-02  --- 6.81E-03  ---   ---  ---  ---  ---
R610324  2008  6  3.99E-02  --- 8.58E-03  ---   ---  ---  ---  ---
H001992  2008  7  2.70E-02  --- 1.97E-02  ---   ---  ---  ---  ---
H003157  2008  8  2.87E-02  --- 2.32E-02 8.97E-04   ---  ---  ---  ---
R610584  2008  9  4.42E-02  --- 7.73E-03  ---  3.65E-04  ---  ---  ---
R610578  2008  10  3.71E-02  --- 8.04E-03  ---   ---  ---  ---  ---
H001916  2008  11  2.69E-02  --- 2.25E-02  ---   ---  ---  ---  ---
H002088  2008  12  3.20E-02  --- 2.28E-02  ---   ---  ---  ---  ---
H003409  2008  13  2.38E-02 9.45E-03 1.73E-02  ---   ---  ---  ---  ---
H002573  2008  14  2.53E-02 1.86E-02 2.26E-02  ---  2.00E-04  ---  ---  ---
H002534  2008  15  2.13E-02 1.59E-02 1.24E-02  ---  1.39E-03 4.12E-04  --- 2.06E-04 
R610679  2008  16  2.95E-02  --- 1.12E-02  ---  1.26E-03  ---  ---  ---
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H002750  2008  17  3.05E-02  --- 1.78E-02 4.84E-05   ---  ---  ---  ---
H004099  2009  1  2.01E-02  --- 2.36E-02 8.91E-05  1.78E-04  --- 6.24E-04  ---
H004111  2009  2  1.86E-02 1.17E-02 2.42E-02  ---   ---  ---  ---  ---
H002554  2009  3  2.10E-02 1.02E-02 1.51E-02  ---   ---  ---  ---  ---
H001941  2009  4  2.49E-02  --- 2.47E-02  ---   ---  ---  ---  ---
R602498  2009  5  4.28E-02  --- 6.11E-03  ---   ---  ---  ---  ---
H002509  2009  6  2.65E-02 2.83E-02 2.27E-02  ---  3.11E-04  ---  ---  ---
H002565  2009  7  2.29E-02 1.81E-03 1.64E-02  ---   ---  ---  ---  ---
H002657  2009  8  2.72E-02 3.08E-04 1.65E-02  ---   ---  ---  ---  ---
R611398  2009  9  3.59E-02  --- 8.42E-03  ---   ---  --- 1.78E-04  ---
H002200  2009  10  2.36E-02  --- 2.31E-02  ---   ---  ---  ---  ---
H002667  2009  11  2.37E-02  --- 2.04E-02  ---   ---  ---  ---  ---
H002715  2009  12  2.60E-02 2.91E-02 1.83E-02  ---  1.97E-03 1.51E-04  --- 7.57E-05 
R610700  2009  13  3.33E-02  --- 5.70E-03  ---  1.16E-03  ---  ---  ---
R610764  2009  14  4.09E-02  --- 8.25E-03  ---   ---  ---  ---  ---
R610573  2009  15  4.48E-02  --- 7.44E-03  ---   ---  --- 1.57E-04  ---
R610558  2009  16  3.96E-02  --- 8.34E-03 4.85E-05  1.45E-04  --- 2.91E-04  ---
R610806  2009  17  3.68E-02  --- 6.59E-03  ---   ---  --- 2.62E-04  ---
H003119  2009  18  2.55E-02  --- 1.95E-02  ---   ---  --- 9.00E-05  ---
H002195  2009  19  2.28E-02  --- 2.72E-02  ---   ---  ---  ---  ---
H004251  2010  1  3.14E-02 1.61E-02 9.54E-03  ---  1.47E-03 2.35E-04  --- 1.18E-04 
H002496  2010  2  2.44E-02 5.85E-04 2.00E-02  ---   ---  ---  ---  ---
H003710  2010  3  2.48E-02 1.60E-02 2.12E-02  ---  2.49E-04  ---  ---  ---
H003655  2010  4  2.79E-02 1.78E-02 1.90E-02  ---  1.95E-04  ---  ---  ---
H002447  2010  5  2.49E-02  --- 2.28E-02 4.80E-05   ---  --- 1.44E-04  ---
R610627  2010  6  3.88E-02  --- 6.76E-03  ---   ---  ---  ---  ---
H003900  2010  7  2.64E-02 1.80E-02 1.53E-02  ---  1.20E-04  ---  ---  ---
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H003650  2010  8  2.58E-02 8.35E-03 1.53E-02  ---   ---  ---  ---  ---
H002567  2010  9  2.93E-02  --- 2.13E-02  ---   ---  ---  ---  ---
H002728  2010  10  2.30E-02 6.26E-03 1.33E-02 -2.55E-05   ---  ---  ---  ---
H002786  2010  11  2.41E-02 4.90E-03 1.75E-02  ---   ---  ---  ---  ---
H003077  2010  12  2.45E-02  --- 2.19E-02  ---   ---  --- 4.55E-04  ---
H003367  2010  13  2.68E-02 3.42E-04 1.66E-02  ---   ---  ---  ---  ---
H003704  2010  14  2.33E-02 1.27E-02 2.03E-02  ---   ---  ---  ---  ---
R610785  2010  15  4.17E-02 3.44E-04 7.13E-03  ---   ---  ---  ---  ---
R610826  2010  16  3.16E-02  --- 4.11E-03  ---   ---  ---  ---  ---
R610853  2010  17  3.68E-02  --- 5.60E-03  ---   ---  ---  ---  ---
S001721  2010  18  3.46E-02  --- 1.23E-02  ---   ---  --- 4.70E-05  ---
H003443  2011  1  2.43E-02 2.50E-02 1.88E-02  ---   ---  ---  ---  ---
S002129  2011  2  2.74E-02  --- 1.81E-02  ---   ---  --- 1.83E-04  ---
H002592  2011  3  2.91E-02  --- 1.94E-02  ---   ---  ---  ---  ---
H003337  2011  4  2.71E-02  --- 1.61E-02  ---   ---  ---  ---  ---
S001105  2011  5  2.00E-02  --- 2.39E-02  ---   ---  --- 3.99E-04  ---
H003343  2011  6  2.61E-02  --- 2.09E-02  ---   ---  --- 2.36E-04  ---
H003371  2011  7  2.65E-02 7.05E-03 1.32E-02  ---   ---  ---  ---  ---
H003526  2011  8  2.46E-02 1.88E-04 1.28E-02  ---   ---  ---  ---  ---
H003565  2011  9  2.77E-02 3.67E-04 1.27E-02  ---   ---  ---  ---  ---
R611131  2011  10  4.44E-02  --- 7.16E-03  ---   ---  ---  ---  ---
H003625  2011  11  3.53E-02 2.26E-04 9.61E-03  ---   ---  ---  ---  ---
L000178  2011  12  1.18E-03  --- 5.02E-02  ---   ---  ---  ---  ---
H003328  2011  13  2.39E-02 1.25E-01 1.91E-02 1.18E-04   ---  ---  ---  ---
H001209  2012  1  2.87E-02 2.09E-04 2.33E-02  ---   ---  ---  ---  ---
H002574  2012  2  4.44E-02  --- 3.92E-03  ---   ---  ---  ---  ---
H001513  2012  3  2.57E-02  --- 2.26E-02  ---   ---  --- 2.44E-04  ---
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H003390  2012  4  2.41E-02 8.34E-05 1.75E-02  ---   ---  --- 8.34E-05  ---
L000075  2012  5  9.64E-03  --- 4.04E-02  ---  1.83E-03  --- 4.71E-04  ---
H004012  2012  6  1.88E-02  --- 2.00E-02  ---   ---  ---  ---  ---
H004048  2012  7  1.72E-02 1.36E-03 1.44E-02  ---  1.33E-04  ---  ---  ---
R610960  2012  8  3.74E-02 5.00E-03 3.42E-04  ---   ---  ---  ---  ---
S002250  2012  10  3.56E-02  --- 1.05E-02 4.86E-04  1.75E-03 1.46E-04 1.95E-04  ---
H001236  2013  1  3.05E-02 4.23E-04 2.95E-02  ---   ---  ---  ---  ---
R610996  2014  1  3.24E-02  --- 2.59E-03  ---   ---  ---  ---  ---
H003064  2014  2  3.82E-02 3.68E-02 8.54E-03  ---  1.67E-04  ---  ---  ---
H003307  2014  3  2.46E-02  --- 2.05E-02  ---   ---  ---  ---  ---
H003052  2014  4  2.72E-02 3.30E-03 1.12E-02  ---   ---  ---  ---  ---
H003898  2014  5  2.46E-02 7.65E-03 1.35E-02  ---  4.58E-05  ---  ---  ---
S002277  2014  6  2.14E-02  --- 2.47E-02  ---   ---  --- 9.24E-05  ---
S002116  2014  7  3.92E-02  --- 9.69E-03  ---   ---  ---  ---  ---
H004219  2014  8  3.03E-02 3.96E-04 1.33E-02  ---   ---  ---  ---  ---
H002636  2014  9  2.52E-02  --- 2.43E-02  ---   ---  ---  ---  ---
R610156  2015  1  4.87E-02  --- 9.84E-03  ---   ---  ---  ---  ---
S002162  2015  2  2.31E-02  --- 2.31E-02  ---   ---  --- 9.27E-05  ---
H001979  2015  3  2.71E-02  --- 2.19E-02  ---   ---  ---  ---  ---
H001181  2015  4  4.99E-02  --- 1.43E-02  ---   ---  ---  ---  ---
H003181  2015  5  4.62E-02 5.79E-03 3.14E-03  ---   ---  ---  ---  ---
H003258  2015  6  2.70E-02  --- 1.95E-02  ---   ---  ---  ---  ---
H003737  2015  7  2.69E-02 3.85E-03 1.11E-02  ---   ---  ---  ---  ---
H003896  2015  8  2.76E-02 4.06E-02 1.69E-02  ---  8.51E-05  ---  ---  ---
H004302  2015  9  2.33E-02 1.07E-02 1.22E-02  ---  4.62E-05  ---  ---  ---
H001191  2016  1  3.75E-02 3.47E-03 2.22E-02  ---   ---  ---  ---  ---
H002556  2016  2  2.77E-02 8.76E-05 1.60E-02  ---   ---  ---  ---  ---
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H004173  2016  3  3.35E-02 2.91E-04 7.68E-03  ---   ---  ---  ---  ---
H004247  2016  4  2.66E-02  --- 2.11E-02  ---   ---  ---  ---  ---
H003775  2016  5  2.63E-02  --- 1.70E-02  ---   ---  ---  ---  ---
H004024  2016  6  2.69E-02  --- 1.82E-02  ---   ---  ---  ---  ---
H001304  2017  1  2.72E-02 1.68E-03 2.90E-02  ---   ---  ---  ---  ---
H002575  2017  2  2.60E-02 1.27E-02 1.89E-02  ---   ---  ---  ---  ---
H003352  2017  3  2.63E-02 8.89E-04 7.72E-03  ---   ---  ---  ---  ---
H003695  2017  4  2.68E-02 3.54E-02 1.38E-02  ---   ---  ---  ---  ---
H002508  2017  5  2.66E-02 1.87E-02 1.55E-02  ---   ---  ---  ---  ---
R600793  2017  6  4.39E-02  --- 4.88E-03  ---   ---  ---  ---  ---
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Appendix 5. The calculated gas composition and the total pressure at the time the inner can was welded. In 
order to calculate the initial composition, 25% of the He generated during storage is subtracted from the 
amount of He observed at DE. The generated He typically represents a small fraction of the amount of He 
observed at DE. 

3013 Container  FY  DE 
He generated

(mole) 
Fraction 
of final 
He 

He 
(mole) 

N2 
(mole) 

O2 
(mole) 

total 
(mole) 

Pressure
(kPa) 

R600885  2007  1  0.00311 0.069 0.0445 0.0046 0.0012 0.0503 89.1
R601722  2007  2  0.00312 0.075 0.0410 0.0061 0.0016 0.0487 87.6
R601957  2007  3  0.00282 0.062 0.0449 0.0053 0.0014 0.0516 89.5
R600719  2007  4  0.00320 0.078 0.0404 0.0080 0.0021 0.0505 91.4
R610735  2007  5  0.00081 0.023 0.0357 0.0076 0.0021 0.0454 88.9
R610697  2007  6  0.00124 0.033 0.0371 0.0082 0.0022 0.0475 89.8
R601285  2007  7  0.00345 0.089 0.0381 0.0113 0.0030 0.0524 96.3
R602731  2008  1  0.00151 0.037 0.0400 0.0078 0.0021 0.0499 87.8
R601318  2008  2  0.00289 0.065 0.0440 0.0042 0.0011 0.0493 87.6
H000898  2008  3  0.00256 0.073 0.0343 0.0084 0.0023 0.0450 87.6
R610327  2008  4  0.00042 0.011 0.0367 0.0074 0.0020 0.0461 88.7
R610298  2008  5  0.00192 0.054 0.0353 0.0068 0.0018 0.0439 92.5
R610324  2008  6  0.00164 0.041 0.0395 0.0086 0.0023 0.0503 93.8
H001992  2008  7  0.00161 0.059 0.0266 0.0197 0.0000 0.0463 90.9
H003157  2008  8  0.00486 0.169 0.0275 0.0232 0.0062 0.0569 92.2
R610584  2008  9  0.00199 0.045 0.0437 0.0077 0.0021 0.0535 96.7
R610578  2008  10  0.00185 0.050 0.0366 0.0080 0.0022 0.0468 89.3
H001916  2008  11  0.00060 0.022 0.0267 0.0225 0.0000 0.0492 91.5
H002088  2008  12  0.00394 0.123 0.0310 0.0228 0.0061 0.0598 93.5
H003409  2008  13  0.00140 0.059 0.0234 0.0173 0.0046 0.0454 83.0
H002573  2008  14  0.00137 0.054 0.0249 0.0226 0.0061 0.0536 97.5
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3013 Container  FY  DE 
He generated

(mole) 
Fraction 
of final 
He 

He 
(mole) 

N2 
(mole) 

O2 
(mole) 

total 
(mole) 

Pressure
(kPa) 

H002534  2008  15  0.00133 0.063 0.0210 0.0124 0.0033 0.0367 67.2
R610679  2008  16  0.00231 0.078 0.0289 0.0112 0.0030 0.0431 82.9
H002750  2008  17  0.00186 0.061 0.0300 0.0178 0.0000 0.0478 89.4
H004099  2009  1  0.00225 0.112 0.0195 0.0242 0.0065 0.0502 90.9
H004111  2009  2  0.00131 0.070 0.0183 0.0242 0.0065 0.0490 89.2
H002554  2009  3  0.00141 0.067 0.0206 0.0151 0.0041 0.0398 73.4
H001941  2009  4  0.00210 0.084 0.0244 0.0247 0.0000 0.0492 90.0
R602498  2009  5  0.00315 0.074 0.0420 0.0061 0.0016 0.0498 86.3
H002509  2009  6  0.00147 0.055 0.0262 0.0227 0.0061 0.0550 100.4
H002565  2009  7  0.00147 0.064 0.0226 0.0164 0.0044 0.0433 80.7
H002657  2009  8  0.00162 0.060 0.0268 0.0165 0.0044 0.0477 83.7
R611398  2009  9  0.00211 0.059 0.0354 0.0086 0.0023 0.0463 81.7
H002200  2009  10  0.00295 0.125 0.0228 0.0231 0.0000 0.0460 91.6
H002667  2009  11  0.00146 0.062 0.0233 0.0204 0.0055 0.0491 89.2
H002715  2009  12  0.00152 0.058 0.0257 0.0183 0.0049 0.0489 91.3
R610700  2009  13  0.00284 0.085 0.0325 0.0057 0.0015 0.0398 78.6
R610764  2009  14  0.00116 0.028 0.0406 0.0082 0.0022 0.0511 87.5
R610573  2009  15  0.00171 0.038 0.0444 0.0076 0.0020 0.0540 97.4
R610558  2009  16  0.00331 0.083 0.0388 0.0086 0.0023 0.0498 87.1
R610806  2009  17  0.00320 0.087 0.0360 0.0069 0.0018 0.0447 86.1
H003119  2009  18  0.00191 0.075 0.0250 0.0196 0.0053 0.0498 89.3
H002195  2009  19  0.00357 0.157 0.0219 0.0272 0.0000 0.0490 92.8
H004251  2010  1  0.00135 0.043 0.0311 0.0095 0.0026 0.0432 88.5
H002496  2010  2  0.00095 0.039 0.0242 0.0200 0.0054 0.0495 88.0
H003710  2010  3  0.00171 0.069 0.0243 0.0212 0.0057 0.0512 94.1
H003655  2010  4  0.00176 0.063 0.0274 0.0190 0.0051 0.0515 96.5
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3013 Container  FY  DE 
He generated

(mole) 
Fraction 
of final 
He 

He 
(mole) 

N2 
(mole) 

O2 
(mole) 

total 
(mole) 

Pressure
(kPa) 

H002447  2010  5  0.00195 0.078 0.0245 0.0230 0.0062 0.0536 92.4
R610627  2010  6  0.00182 0.047 0.0384 0.0068 0.0018 0.0470 104.3
H003900  2010  7  0.00142 0.054 0.0261 0.0153 0.0041 0.0455 88.9
H003650  2010  8  0.00185 0.072 0.0253 0.0153 0.0041 0.0447 79.8
H002567  2010  9  0.00050 0.017 0.0291 0.0213 0.0057 0.0561 89.5
H002728  2010  10  0.00182 0.079 0.0225 0.0133 0.0036 0.0394 72.8
H002786  2010  11  0.00180 0.075 0.0236 0.0175 0.0047 0.0458 84.9
H003077  2010  12  0.00294 0.120 0.0238 0.0224 0.0060 0.0521 93.5
H003367  2010  13  0.00115 0.043 0.0265 0.0166 0.0045 0.0476 86.2
H003704  2010  14  0.00186 0.080 0.0228 0.0203 0.0054 0.0485 90.9
R610785  2010  15  0.00207 0.050 0.0412 0.0071 0.0019 0.0502 97.9
R610826  2010  16  0.00209 0.066 0.0311 0.0041 0.0011 0.0363 84.1
R610853  2010  17  0.00321 0.087 0.0360 0.0056 0.0015 0.0431 86.2
S001721  2010  18  0.00321 0.093 0.0338 0.0124 0.0033 0.0495 87.1
H003443  2011  1  0.00187 0.077 0.0239 0.0188 0.0050 0.0477 87.4
S002129  2011  2  0.00355 0.130 0.0265 0.0183 0.0049 0.0497 93.0
H002592  2011  3  0.00081 0.028 0.0289 0.0194 0.0052 0.0535 89.6
H003337  2011  4  0.00143 0.053 0.0267 0.0161 0.0043 0.0471 92.5
S001105  2011  5  0.00366 0.183 0.0191 0.0243 0.0065 0.0499 93.2
H003343  2011  6  0.00162 0.062 0.0257 0.0211 0.0057 0.0524 88.9
H003371  2011  7  0.00142 0.054 0.0261 0.0132 0.0035 0.0428 76.5
H003526  2011  8  0.00197 0.080 0.0241 0.0128 0.0034 0.0403 74.0
H003565  2011  9  0.00213 0.077 0.0271 0.0127 0.0034 0.0432 76.8
R611131  2011  10  0.00337 0.076 0.0435 0.0072 0.0019 0.0526 97.1
H003625  2011  11  0.00215 0.061 0.0348 0.0096 0.0026 0.0470 84.6
L000178  2011  12  0.00146 1.233 0.0008 0.0502 0.0000 0.0510 94.5
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3013 Container  FY  DE 
He generated

(mole) 
Fraction 
of final 
He 

He 
(mole) 

N2 
(mole) 

O2 
(mole) 

total 
(mole) 

Pressure
(kPa) 

H003328  2011  13  0.00213 0.089 0.0234 0.0191 0.0000 0.0425 75.4
H001209  2012  1  0.00065 0.023 0.0286 0.0233 0.0063 0.0581 92.8
H002574  2012  2  0.00123 0.028 0.0441 0.0039 0.0011 0.0491 89.5
H001513  2012  3  0.00069 0.027 0.0255 0.0229 0.0061 0.0546 87.3
H003390  2012  4  0.00249 0.103 0.0235 0.0176 0.0047 0.0457 86.1
L000075  2012  5  0.00547 3.603 0.0002 He 

0.00812 Ar 
0.0409 0.0000 0.0492 91.9

H004012  2012  6  0.00197 0.105 0.0183 0.0200 0.0054 0.0436 84.5
H004048  2012  7  0.00173 0.101 0.0168 0.0144 0.0039 0.0351 71.5
R610960  2012  8  0.00257 0.069 0.0367 0.0003 0.0001 0.0372 77.9
S002250  2012  10  0.00299 0.084 0.0349 0.0107 0.0029 0.0484 93.2
H001236  2013  1  0.00058 0.019 0.0304 0.0295 0.0079 0.0678 95.9
R610996  2014  1  0.00362 0.112 0.0314 0.0026 0.0007 0.0347 83.5
H003064  2014  2  0.00260 0.068 0.0375 0.0085 0.0023 0.0484 91.2
H003307  2014  3  0.00238 0.096 0.0241 0.0205 0.0055 0.0500 85.6
H003052  2014  4  0.00267 0.098 0.0266 0.0112 0.0030 0.0408 70.1
H003898  2014  5  0.00259 0.105 0.0240 0.0135 0.0036 0.0411 72.4
S002277  2014  6  0.00567 0.264 0.0200 0.0248 0.0066 0.0514 93.6
S002116  2014  7  0.00561 0.143 0.0378 0.0097 0.0026 0.0501 91.8
H004219  2014  8  0.00221 0.073 0.0297 0.0133 0.0036 0.0466 76.7
H002636  2014  9  0.00644 0.255 0.0236 0.0243 0.0000 0.0479 82.0
R610156  2015  1  0.00113 0.023 0.0484 0.0098 0.0026 0.0609 89.7
S002162  2015  2  0.00600 0.259 0.0216 0.0232 0.0062 0.0511 91.9
H001979  2015  3  0.00289 0.107 0.0264 0.0219 0.0059 0.0542 90.7
H001181  2015  4  0.00139 0.028 0.0495 0.0143 0.0038 0.0677 94.4
H003181  2015  5  0.00329 0.071 0.0453 0.0031 0.0008 0.0493 80.8
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3013 Container  FY  DE 
He generated

(mole) 
Fraction 
of final 
He 

He 
(mole) 

N2 
(mole) 

O2 
(mole) 

total 
(mole) 

Pressure
(kPa) 

H003258  2015  6  0.00302 0.112 0.0263 0.0195 0.0052 0.0510 84.6
H003737  2015  7  0.00312 0.116 0.0261 0.0111 0.0030 0.0402 68.9
H003896  2015  8  0.00283 0.102 0.0269 0.0169 0.0045 0.0483 84.4
H004302  2015  9  0.00301 0.129 0.0225 0.0122 0.0033 0.0380 65.8
H001191  2016  1  0.00156 0.042 0.0371 0.0222 0.0060 0.0653 92.6
H002556  2016  2  0.00355 0.128 0.0268 0.0160 0.0043 0.0471 77.9
H004173  2016  3  0.00340 0.102 0.0327 0.0077 0.0021 0.0424 73.2
H004247  2016  4  0.00315 0.118 0.0258 0.0211 0.0057 0.0526 91.2
H003775  2016  5  0.00421 0.160 0.0253 0.0170 0.0045 0.0468 77.5
H004024  2016  6  0.00344 0.128 0.0260 0.0182 0.0049 0.0491 83.4
H001304  2017  1  0.00107 0.039 0.0269 0.0290 0.0078 0.0637 93.4
H002575  2017  2  0.00385 0.148 0.0251 0.0189 0.0051 0.0490 80.4
H003352  2017  3  0.00382 0.145 0.0254 0.0077 0.0021 0.0352 58.3
H003695  2017  4  0.00378 0.141 0.0258 0.0138 0.0037 0.0433 73.4
H002508  2017  5  0.00360 0.135 0.0257 0.0155 0.0042 0.0454 77.7
R600793  2017  6  0.00924 0.210 0.0416 0.0049 0.0013 0.0478 88.5
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Appendix 6. The amount of H2 observed, the amount of H2 calculated using the 
3013 pressure equation, and the hydrogen fraction (ratio of observed to 
calculated). 

3013 

Container 
FY  DE 

H2 observed
(mole) 

H2 calculated 
using pressure 

equation 
(mole) 

H2 Fraction 

R600885  2007  1  4.99E-06 0.251 1.98E-05 
R601722  2007  2  4.79E-06 0.448 1.07E-05 
R601957  2007  3  5.09E-06 0.071 7.16E-05 
R600719  2007  4  4.91E-06 0.251 1.96E-05 
R610735  2007  5  4.37E-06 0.472 9.26E-06 
R610697  2007  6  4.56E-06 0.441 1.03E-05 
R601285  2007  7  5.03E-06 0.392 1.28E-05 
R602731  2008  1  4.82E-06 0.138 3.50E-05 
R601318  2008  2  4.89E-06 0.365 1.34E-05 
H000898  2008  3  4.35E-06 0.003 1.45E-03 
R610327  2008  4  4.44E-06 0.005 8.46E-04 
R610298  2008  5  4.25E-06 0.009 4.70E-04 
R610324  2008  6  4.85E-06 0.017 2.80E-04 
H001992  2008  7  4.67E-06 0.131 3.56E-05 
H003157  2008  8  5.28E-06 0.117 4.51E-05 
R610584  2008  9  5.22E-06 0.271 1.92E-05 
R610578  2008  10  4.52E-06 0.039 1.15E-04 
H001916  2008  11  4.93E-06 0.001 4.68E-03 
H002088  2008  12  5.47E-06 0.081 6.76E-05 
H003409  2008  13  9.45E-03 0.292 3.24E-02 
H002573  2008  14  1.86E-02 0.381 4.89E-02 
H002534  2008  15  1.59E-02 0.345 4.61E-02 
R610679  2008  16  4.20E-06 0.101 4.16E-05 
H002750  2008  17  4.84E-06 0.022 2.23E-04 
H004099  2009  1  4.46E-06 0.382 1.17E-05 
H004111  2009  2  1.17E-02 0.394 2.98E-02 
H002554  2009  3  1.02E-02 0.335 3.05E-02 
H001941  2009  4  4.97E-06 0.009 5.38E-04 
R602498  2009  5  4.89E-07 0.488 1.00E-06 
H002509  2009  6  2.83E-02 0.425 6.64E-02 
H002565  2009  7  1.81E-03 0.404 4.48E-03 
H002657  2009  8  3.08E-04 0.243 1.27E-03 
R611398  2009  9  4.46E-05 0.535 8.33E-05 
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3013 

Container 
FY  DE 

H2 observed
(mole) 

H2 calculated 
using pressure 

equation 
(mole) 

H2 Fraction 

H002200  2009  10  4.67E-05 0.047 9.91E-04 
H002667  2009  11  4.41E-05 0.201 2.19E-04 
H002715  2009  12  2.91E-02 0.428 6.82E-02 
R610700  2009  13  4.01E-05 0.064 6.30E-04 
R610764  2009  14  4.91E-05 0.053 9.29E-04 
R610573  2009  15  5.24E-06 0.188 2.78E-05 
R610558  2009  16  4.85E-06 0.002 2.21E-03 
R610806  2009  17  4.36E-05 0.271 1.61E-04 
H003119  2009  18  4.50E-05 0.130 3.45E-04 
H002195  2009  19  4.99E-06 0.002 2.28E-03 
H004251  2010  1  1.61E-02 0.254 6.34E-02 
H002496  2010  2  5.85E-04 0.217 2.70E-03 
H003710  2010  3  1.60E-02 0.466 3.43E-02 
H003655  2010  4  1.78E-02 0.370 4.80E-02 
H002447  2010  5  4.80E-05 0.052 9.24E-04 
R610627  2010  6  4.57E-06 0.030 1.53E-04 
H003900  2010  7  1.80E-02 0.418 4.32E-02 
H003650  2010  8  8.35E-03 0.403 2.07E-02 
H002567  2010  9  5.05E-05 0.020 2.56E-03 
H002728  2010  10  6.26E-03 0.224 2.79E-02 
H002786  2010  11  4.90E-03 0.343 1.43E-02 
H003077  2010  12  4.69E-05 0.161 2.90E-04 
H003367  2010  13  3.42E-04 0.150 2.27E-03 
H003704  2010  14  1.27E-02 0.390 3.25E-02 
R610785  2010  15  3.44E-04 0.020 1.76E-02 
R610826  2010  16  3.57E-07 0.015 2.31E-05 
R610853  2010  17  4.24E-06 0.061 6.91E-05 
S001721  2010  18  4.70E-06 0.419 1.12E-05 
H003443  2011  1  2.50E-02 0.411 6.08E-02 
S002129  2011  2  4.57E-06 0.631 7.24E-06 
H002592  2011  3  4.85E-06 0.023 2.09E-04 
H003337  2011  4  4.32E-06 0.149 2.89E-05 
S001105  2011  5  4.43E-06 0.526 8.43E-06 
H003343  2011  6  4.72E-06 0.183 2.58E-05 
H003371  2011  7  7.05E-03 0.221 3.19E-02 
H003526  2011  8  1.88E-04 0.182 1.03E-03 
H003565  2011  9  3.67E-04 0.217 1.69E-03 
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3013 

Container 
FY  DE 

H2 observed
(mole) 

H2 calculated 
using pressure 

equation 
(mole) 

H2 Fraction 

R611131  2011  10  5.15E-07 0.029 1.75E-05 
H003625  2011  11  2.26E-04 0.193 1.17E-03 
L000178  2011  12  5.13E-06 0.009 5.68E-04 
H003328  2011  13  1.25E-01 0.711 1.76E-01 
H001209  2012  1  2.09E-04 0.122 1.72E-03 
H002574  2012  2  4.84E-07 0.149 3.25E-06 
H001513  2012  3  4.87E-05 0.141 3.45E-04 
H003390  2012  4  8.34E-05 0.198 4.22E-04 
L000075  2012  5  5.24E-06 0.001 3.89E-03 
H004012  2012  6  3.88E-05 0.200 1.94E-04 
H004048  2012  7  1.36E-03 0.137 9.90E-03 
R610960  2012  8  5.00E-03 0.061 8.19E-02 
S002250  2012  10  4.86E-06 0.058 8.39E-05 
H001236  2013  1  4.23E-04 0.164 2.58E-03 
R610996  2014  1  3.50E-05 0.022 1.58E-03 
H003064  2014  2  3.68E-02 0.414 8.87E-02 
H003307  2014  3  4.51E-05 0.214 2.11E-04 
H003052  2014  4  3.30E-03 0.270 1.22E-02 
H003898  2014  5  7.65E-03 0.219 3.49E-02 
S002277  2014  6  4.62E-06 0.593 7.80E-06 
S002116  2014  7  4.89E-07 0.354 1.38E-06 
H004219  2014  8  3.96E-04 0.183 2.16E-03 
H002636  2014  9  4.96E-06 0.014 3.63E-04 
R610156  2015  1  5.86E-07 0.219 2.67E-06 
S002162  2015  2  4.64E-06 0.254 1.82E-05 
H001979  2015  3  4.90E-06 0.128 3.83E-05 
H001181  2015  4  6.43E-05 0.165 3.90E-04 
H003181  2015  5  5.79E-03 0.394 1.47E-02 
H003258  2015  6  4.65E-05 0.203 2.30E-04 
H003737  2015  7  3.85E-03 0.331 1.16E-02 
H003896  2015  8  4.06E-02 0.399 1.02E-01 
H004302  2015  9  1.07E-02 0.259 4.12E-02 
H001191  2016  1  3.47E-03 0.169 2.06E-02 
H002556  2016  2  8.76E-05 0.210 4.18E-04 
H004173  2016  3  2.91E-04 0.234 1.24E-03 
H004247  2016  4  4.77E-06 0.180 2.65E-05 
H003775  2016  5  4.33E-05 0.204 2.12E-04 
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3013 

Container 
FY  DE 

H2 observed
(mole) 

H2 calculated 
using pressure 

equation 
(mole) 

H2 Fraction 

H004024  2016  6  4.51E-05 0.256 1.76E-04 
H001304  2017  1  1.68E-03 0.153 1.09E-02 
H002575  2017  2  1.27E-02 0.409 3.10E-02 
H003352  2017  3  8.89E-04 0.393 2.26E-03 
H003695  2017  4  3.54E-02 0.368 9.64E-02 
H002508  2017  5  1.87E-02 0.330 5.65E-02 
R600793  2017  6  4.88E-06 0.803 6.08E-06 
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Appendix 7. Estimating bounds for the H2 fraction in the 3013 container population from the 
DE observations. 
 

Two statistical approaches were considered for determining upper bounds for the H2 fraction – 
(1) nonparametric tolerance limits and (2) a distributional approach using the beta distribution. 
Both statistical approaches require that the sample data are representative of the entire 
population. These DE data are almost entirely from a random sample from the Pressure and 
Corrosion Bin container population. For this population, the random sampling provides 
confidence of the representativeness of the data. However, some of the containers were selected 
based on expert judgment, including HHMC. Thus, the sample could have some bias towards 
higher moisture content. These statistical approaches were used along with expert judgment to 
develop an expression for the maximum H2 fraction for use in the 3013 pressure equation. 

Nonparametric tolerance limits to assess bounds. The approach used to determine the 
nonparametric tolerance limits is described in Young and Mathew.19 A one-sided tolerance limit 
is a value such that there is a specified level of confidence (e.g.,90%, 95%, 99%, …) that a 
percentage of the population (e.g, 95%, 97.5%, 99%, …)  is less than that value. To determine 
nonparametric tolerance limits requires very large sample sizes. To determine an upper 
95%/97.5% tolerance limit requires 118 items using method described in Young and Mathew. 
There are 113 DE containers, however, one of these, the HHMC, is not compliant, therefore 
there are 112 compliant DE containers. Although not quite meeting the sample size requirement, 
extrapolation is reasonable in this case.19 The 95%/97.5% nonparametric estimate for the upper 
tolerance limit is 0.102. The 99%/97.5 estimate is 0.11. However, the sample size required for 
this estimate is 182, so this estimate could be underestimating the actual value. The software 
used in this analysis is the tolerance package in R.20 

Distribution-based upper quantiles to assess bounds. Since the sample size is not adequate for 
determining all nonparametric tolerance limits of interest, a distribution-based approach is also 
considered. Fitting a probability distribution to the data allows estimating upper quantiles of the 
distribution and uncertainties associated with those estimates.  An upper kth% quantile is a value 
such that k% of the population is less than that value. 

Of the 114 H2 fraction values (113 compliant container values), there are 6 non-detects, 43 trace 
values and 18 values reported as less than 0.1%. This is a substantial portion of the data and 
needs to be included in the analysis. The non-detect data are in the interval 0 to 0.001%, the trace 
data are in the interval 0.001% to 0.01% and the less than 0.1% are in the interval 0.01% to 
0.1%. This kind of interval-censored data is well-known in the statistical literature.21 The 
approach used to fit the data is based upon maximum likelihood as described in Klein and 
Moeschberger.21a The software used in this analysis is the fitdistrplus package in R.20b, 22 

When choosing distributions for fitting data, one would like to have a physical justification for 
the choice. Although there are a number of mechanisms that result in the H2 fraction behavior, 
the mechanisms are not well enough developed to be quantitative at this time. The H2 fraction 
values are in the interval [0, 1] and it is reasonable to pick a distribution that is limited to this 
interval. The beta distribution is a two-parameter family of continuous probability distributions 
defined on the interval [0, 1] and has been applied to model random variables in a wide variety 
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of disciplines. The beta distribution is used in this analysis to fit both the total H2 fraction data 
(114 containers) and the compliant H2 fraction data (113 containers). Other distributions were 
considered (Gamma and Weibull), but neither of these provided a better fit when comparing 
cumulative probability distributions and other measures of goodness of fit (e.g. Akaike 
information criterion (AIC) and Bayesian information criterion (BIC)). In addition, they are not 
restricted to the [0,1] interval. 

Appendix 7 Figure 1 shows the fit for all of the data, the small horizontal lines are the interval 
observations and the X's are the non-interval observations. The red curve is the beta cumulative 
distribution fitted to these data. As can be seen in the figure, the beta distribution provides a 
reasonable fit to the data. Appendix 7 Figure  2, compares the beta fit to the empirical 
distribution.19 This comparison indicates that the beta fit is good or perhaps even conservative in 
the upper tail (values greater than 0.08), which is the region of interest for this analysis.  

 

Appendix 7 Figure 1.  The H2 fraction data for 114 observations. The small horizontal lines are 
the interval observations and the X's are the non‐interval observations. The red curve is the 
beta cumulative distribution fitted to these data. 
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Appendix 7 Figure  2. Comparison of the beta‐fit cumulative distribution based on all of the H2 
Fraction data (red) to the empirical cumulative distribution (black).   
 

To evaluate sampling uncertainties, the bootstrap method is used.23  This is a simple, but 
powerful Monte Carlo method for determining confidence intervals and prediction uncertainties. 
The method is based on resampling with replacement from the original data, generating a large 
number of fits. Appendix 7 Figure 3 shows the two beta parameters (shape 1 and shape 2) for 
10,000 resamples. 
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Appendix 7 Figure 3.  Shows the shape parameters for 10,000 resampling fits to the original 
data set. 
 

Appendix 7 Table 1 shows the 95%, 99% and 99.9% quantiles and the 95% upper confidence 
limit based on the bootstrap fits.  For example, the value (quantile) such that 99% of the 
population is less than or equal to this value is 0.15 and the upper 95% confidence bound on this 
quantile is 0.20. When estimating upper quantiles the issue of model misspecification is 
particularly important. However, Modarres et al. recommend (based on simulation studies) that 
"when the size of the sample is large we should use the data to select a model, and then estimate 
the quantiles based on the selected model." In their paper large is a sample size of 100 or 
greater.24 

Appendix 7 Table 1. Quantiles and upper 95% confidence limits for 95%, 99%, 99.6% and 
99.9% probabilities. 

Probability Quantile 95% Upper Confidence 
Limit 

95% 0.07 0.095 
99% 0.15 0.20 

99.6% 0.20 0.26 
99.9% 0.27 0.34 
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To explore the question of what is the probability and associated uncertainties that a future 
observation will be less than 0.25, these probabilities are determined for each of the 10000 beta 
fits.  Appendix 7 Figure 4 shows a density histogram of those values. Denoting the probability 
that a future observation will be less than 0.25 as P0.25, one can say that there is a 99.9% 
probability that P0.25 is greater than or equal to 99.1%, at least 99.1% of the population is less 
than 0.25. These results combined with shelf life studies and expert judgment result in choosing 
a bound of 0.25 for the entire population (the endpoint of the green dot-dashed line in Figure 5). 

 

Appendix 7 Figure 4. Histogram of bootstrap probabilities of H2 fraction less than 0.25. 
 
The compliant population consists of all DEs except the HHMC. A beta distribution fit to the 
compliant population provides a reasonable fit to these data, Appendix 7 Figure  5. The results 
are given in Appendix 7 Table 2. It also appears to be slightly conservative for values greater 
than 0.08 based on the comparison of the beta-fit cumulative distribution to the empirical 
distribution shown in Appendix 7 Figure  6. 
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Appendix 7 Figure  5. The H2 fraction data for 113 compliant observations. The small 
horizontal lines are the interval observations and the X’s are the non‐interval observations. 
The red curve is the beta cumulative distribution fitted to these data. 

 

Appendix 7 Figure  6. Comparison of the beta‐fit cumulative distribution based on the 
compliant H2 Fraction data (red) to the empirical cumulative distribution (black). 
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The 97.5% quantile with 99% uncertainty is 0.13 (Appendix 7 Table 2), which is considerably 
larger than the nonparametric estimate of 0.102. This increases confidence that the bounding 
estimates based on the beta-distribution are conservative. These results combined with shelf-life 
studies and expert judgment result in choosing a bound of 0.13 (99% upper uncertainty limit for 
the 97.5% quantile estimate) for the H2 Fraction for containers with moisture less than or equal 
to 0.31 wt% - the blue dashed line in Figure 5). 

Appendix 7 Table 2. The results of a beta distribution fit of the H2 fractions of the entire 
compliant population (HHMC excluded).  

Quantile Percent 95% Uncertainty Limit for 
Quantile Estimate

99% Upper Uncertainty Limit for 
Quantile Estimate 

97.5 0.12 0.13
99 0.17 0.19
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